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ABSTRACT 
Zebra finches (Taeniopygia guttata) have been the subject of extensive neurological and 
behavioral research having served as the dominant model for vocal learning over half a century. 
Learned vocal communication, or vocal learning, is a trait that is shared by humans and 
songbirds but is rare or less well developed in other animals. Unlike innate communication, 
learned vocalizations are acquired early on by juveniles listening and copying what they hear 
from adults. Little, however, has been done to characterize the intraspecific variation in song 
behavior in the zebra finch model system. Other systems, such as the lab mouse, Mus musculus, 
have begun to take advantage of inbred and natural populations to assess genetic variation and to 
link genotype and behavior. The opportunity exists to do the same in the zebra finch. The first 
step to better able study song learning in a genetics context is to define trait variation within and 
among populations. The majority of research conducted on these birds relies on domesticated 
populations of Taeniopygia guttata castanotis (T. g. castanotis), but wild populations are also 
available for study, as is a second subspecies, T. g. guttata. With the sequencing of the zebra 
finch genome a decade ago, zebra finches have risen in importance in the field of population 
genomics so there is an opportunity to investigate the genetic variation in this system as well. I 
compared patterns genetic and song variation among these populations to examine how these 
features have diverged during the early stages of domestication as well as during divergence in 
allopatry. When comparing the wild and domesticated populations, I find that overall levels of 
genetic differentiation are low (FST = ~0.02); I also find evidence of selection acting on portions 
of the genome. Genetic drift also appears to have played a role in shaping patterns of genetic 
variation. While genetic drift has led to reduced diversity and a loss of rare alleles in domestic 
populations, it has also done so in the island subspecies, T. g. guttata: I found further support for 
a dramatic bottleneck in the island subspecies as the two subspecies have diverged, as there is an 
overall reduction in diversity. Among the most highly diverged regions of the genome are two 
genes associated with color. I have identified fixed differences in two well-known pigmentation 
genes, SLC45A2 and CDKN2A that may contribute to plumage color differences between 
subspecies. In addition to genetic divergence, I also characterized divergence in song behavior 
among populations. I find that the island subspecies shows less variation in song among 
individuals than the mainland birds. Though the island subspecies, T. g. guttata, shows a 
reduction in variation in song among individuals possibly due to the bottleneck during 
speciation, the domestication process has actually led to increased variability in song structure in 
domesticated birds. It is possible that domesticated birds have been freed from the constraints on 
song structure imposed by mate choice and the need for accurate species recognition. Finally, in 
order to differentiate between genetic or cultural controls of this difference in variation, I cross-
fostered both subspecies to the Bengalese finch, Lonchura striata domestica, to test for 
differences in song copying behavior. I cannot reject the null hypothesis that zebra finch 
subspecies copy tutor songs equally well, but it does appear that the high variability in song 
structure in T. g. castanotis remains following controlled tutoring. Overall, I have begun to 
characterize the intraspecific behavioral and genetic variation in zebra finches, which has the 
potential to further our ability to study gene-environment influences on behavior, particularly 
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CHAPTER 1 GENETIC AND BEHAVIORAL CONSEQUENCES OF RECENT 




Zebra finches (Taeniopygia guttata) have been the subject of extensive behavioral and 
neurological research. The majority of research done on these birds relies on domesticated 
populations, yet little is known about patterns of genomic and behavioral divergence between 
domesticated and wild populations. Here I investigate variation in the genomes and song 
production of domesticated and wild zebra finches. Although I find that overall levels of genetic 
differentiation are low (FST = ~0.02), I also find evidence of selection acting on portions of the 
genome. Genetic drift also appears to have played a role in shaping patterns of genetic variation 
and song production. While drift has led to reduced diversity and a loss of rare alleles in 
domestic populations, it has also led to increased variability in song structure in domesticated 
birds. Domesticated birds have likely been freed from the constraints on song structure imposed 
by mate choice and the need for accurate species recognition. These differences between wild 





The selective and demographic influences of animal domestication result in dramatic phenotypic 
and genetic changes in the species we choose to domesticate (Rubin et al. 2010, Shapiro et al. 
2013, Vickrey et al. 2015, but see Poh et al. 2014). These changes have been well studied in 
many of the classic model systems, like the domesticated chicken, Gallus gallus domesticus 
(Rubin et al. 2010) and the house mouse, Mus musculus (Estep et al. 1975). Domestication is 
often accompanied by specific changes such as a reproductive period that is uncoupled from the 
natural environment, as well as changes in body size and coloration (Trut et al. 2009). As it is 
likely these physiological traits are affected during domestication due to drift or selection, these 
same forces can act on behavioral traits (Price 1999). The domesticated chicken, Gallus gallus 
domesticus, which has been selected for traits that result in high meat or egg production, shows 
reduction in behaviors that were energetically costly (therefore reserving energy for production) 
relative to their wild counterparts (Schütz and Jensen 2001). Domestic mice show more frequent 
social encounters than their wild counterparts (Smith et al. 1994), and reduced food/water 
neophobia (Kronenberger and Medioni 1985), and are less effective at avoiding predation 
(Kardong 1993). Since domestication affects genomes and behaviors, it is important to 
understand these impacts in widely used model systems. 
The zebra finch Taeniopygia guttata is a model system for studying behavior. As a 
representative of the Oscine Passerines, or songbirds, this species has been the subject of 
extensive neurobiological and behavioral research (Jin and Clayton 1997; Dave and Margoliash 
2000; Olveczky et al. 2005; Mooney 2009; London and Clayton 2008; Thompson et al. 2011; 
Vallentin et al. 2016). For over half of a century, the T. g. castanotis subspecies of zebra finch 
has been the dominant model for vocal learning (Forstmeier et al. 2009; Slater et al. 1988) and an 
 3 
important model for understanding the origins of the complexity of the human language (Marler 
1970; ten Cate 2014). The majority of research conducted on these birds relies on domesticated 
populations, yet little is known about patterns of genomic divergence between domesticated and 
wild populations (but see Forstmeier et al. 2007) or patterns of variation in song behavior 
between these two populations. Unlike many domesticated species, captive zebra finch 
populations are often kept as outbred colonies, with relatively free mating (Forstmeier et al. 
2007). Also, the domestication of the zebra finch, T. g. castanotis subspecies, has been fairly 
recent (~150 years), and wild populations are still available for study, enabling analyses of rapid 
adaptation (Rogers 1979; Clayton 1989, Zann 1996), so an understanding of genetic variation in 
zebra finch populations is critical to further advancing the zebra finch as a model system for 
studying gene-behavior relationships.  
 Domestication is known to influence aspects of social behavior such as reduced 
aggression and fear response, increased social cognitive abilities for interacting with humans, 
and reduced wild-type behavior towards humans (Frank and Frank 1982; Schütz et al. 2001; 
Hare et al. 2002; Trut et al. 2009). Domestication impacts song learning and song production as 
well (Suzuki et al. 2004). Previous studies using different populations already suggest that there 
may be important differences between captive study populations, even those descended from the 
same wild-caught founders. For example, in some song learning studies, the number of elements 
that could not be assigned to a tutor has been found to be as low as 12% (Mann and Slater 1995) 
and as high as 50% (Jones et al. 1996; Houx and ten Cate 1999; Holveck et al. 2008). There has 
been some documentation of laboratory populations exhibiting discrete vocal traditions from one 
another (Sturdy et al. 1999) whereas the opposite has also been found (Lachlan et al. 2016). 
Additionally, the drawbacks of solely focusing on domesticated birds for behavioral research 
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have lately been garnering attention because recent studies have found that wild and 
domesticated zebra finches differ in an array of behaviors such as mate choice, hatching 
synchrony, nest visit synchrony, and parental care (Rustein et al. 2007; Mainwaring et al. 2010; 
Gilby et al. 2013; Mariette and Griffith 2012; Gilby et al. 2011). 
 In this chapter, I compare variation in the genomes and vocal behavior of between wild 
and domestic Australian zebra finches (T. g. castanotis). I find that overall genetic divergence is 
relatively low between wild and domesticated population, confirming some earlier work 
(Forstmeier et al. 2007). I also find evidence of selection acting on portions of the genome, likely 
a result of selective breeding by humans and adaptation to captivity. I find that selection and 
genetic drift have impacted patterns of both genomic and behavioral divergence in the 




Sample collection and sequencing. In order to derive a complete picture of genetic variation, a 
total of 39 unrelated individuals (20 domesticated and 19 wild zebra finches) were collected and 
sequenced. To avoid bias from sampling from one potentially inbred population, domesticated 
Zebra Finches were sampled from four laboratory populations in the United States that conduct 
active research on these birds: University of Illinois, University of Chicago, USGS National 
Wildlife Health Center, and East Carolina University. Permissions were obtained for the samples 
and they were collected with prior approval from the relevant ethical committees. For each zebra 
finch, genomic DNA was extracted from liver tissue using a DNeasy Blood and Tissue Kit 
(Qiagen kit cat no. 69504). Paired-end sequencing libraries with an insert size of 300 base pairs 
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were constructed following Illumina protocol for sequencing on the Illumina HiSeq 2000 
platform. This platform was used to re-sequence paired end full genomes at medium coverage 
(8x) for 18 of the 20 domesticated zebra finches. 
 Nineteen wild zebra finch genomes and two domesticated zebra finches were sequenced 
using the Illumina HiSeq platform at medium coverage (20x) by collaborators Singhal et al. 
(2015). The 19 wild birds (10 females and 9 males) were collected from a studied population 
from Fowlers Gap in New South Wales, Australia (Singhal et al. 2015). Of the two domesticated 
birds that were sequenced by Singhal and colleagues (2015), one was a male and one was a 
female. From the 19 wild birds, DNA was extracted using a DNeasy Blood and Tissue Kit 
(Qiagen kit cat no. 69504). A species pooled library was diluted to a 10nM and sequenced across 
15 lanes using 100 paired end reads with an Illumina HiSeq 2000. This was done in 2012 at the 
Oxford Genomics Centre at the Wellcome Trust Centre for Human Genetics in Oxford, UK. For 
the two domesticated birds, DNA was extracted from liver tissue using a DNeasy Blood and 
Tissue Kit (Qiagen kit cat no. 69504). A pooled library was made and sequenced across six lanes 
on 2-lane flow cells of an Illumina HiSeq using 100 base pairs paired-end reads. This was done 
in 2013 at the University of Chicago Genomics Core, Chicago IL USA (Singhal et al. 2015). 
 
Sequence quality checking. For quality filtering, all the raw reads were trimmed using the 
program Trim Galore at default settings (https://www.bioinformatics.babraham.ac.uk/ 
projects/trim_galore/).  
 
Read mapping. The trimmed reads were aligned to the Taeniopygia guttata reference genome 
(accession number: WUGSC 3.2.4/taeGut1, Warren et al. 2010) using BWA-MEM (Li and 
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Durbin 2009) with default parameters. The 19 wild samples and 2 domesticated samples from 
Singhal et al. (2015) were then downsampled using SAMtools (version 1.2, using htslib 1.2.1) so 
the number of reads would be comparable to the remaining 18 domesticated samples. Next 
duplicates were removed using MarkDuplicates in Picard Tools v1.115. Following that 
RealignerTargetCreator and IndelRealigner in GATK v3.1-1 were used to conduct local 
realignment around indels. The next step was to fix the errors in the mate pairs using 
FixMateInformation in Picard Tools (http://broadinstitute.github.io/picard/). For each individual, 
this generated a realigned Binary sequence Alignment/Map (BAM) file. 
 
Sex-linked scaffolds. Using SAMtools I removed the Z chromosomes (one of the zebra finch 
sex chromosomes) for the analysis that included all of the birds (male and female). I also 
separately analyzed only the male samples (the homogametic sex in birds) with the Z 
chromosome included.  
 
SNP and genotype calling. I did single nucleotide polymorphism (SNP) calling using ANGSD 
(Korneliussen et al. 2014). The genotype likelihood method employed in ANGSD to estimate 
allele frequencies was expected to be especially useful because I cannot unambiguously assign 
genotypes to individuals with medium coverage genomes.  
 ANGSD uses a two-step procedure to estimate the site frequency spectrum (SFS), which 
is a distribution of allele frequencies for the set of SNPs. First sample allele-frequency likelihood 
files (.saf) were generated with the –doSaf 1 option with the ancestral state as that of the long-
tailed finch, Poephila acuticauda, my out-group. Second, the .saf files were optimized using the 
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realSFS program to estimate the SFS. Genotypes were called from the genotype likelihood data. 
I also made VCFs using the tag –doVCF in ANGSD.  
 
Genome-wide patterns of heterozygosity. Watterson estimate (yw), Tajima’s D statistic, and 
population-differentiation statistic (FST) were calculated using a sliding window approach of 100 
base pair window sliding in 1000 base pair steps as well as a site-by-site estimation. For the 
analysis that included the Z chromosome, a method to calculate FST (-whichFst) that took into 
account small sample sizes was used. 
 
Screening for outlier FST sites. I used the SegmentFst method in vcflib to find continuous 
regions with high FST values (vcflib – https://github.com/vcflib/vcflib). The tool SegmentFST 
scans the output of wcFST that I obtained from ANGSD and measures the number of FST values 
that are above the threshold I set of 0.8. I used the tool permuteSmooth to look at the empirical 
significance of the segmented FST. This tool takes the segmented FST data and shuffles them 
across the genome to regions with the same number of FST values where the empirical 
probability is calculated as the number of random trials where the average FST was higher than 
the observed segment. I then used the Integrative Genome Viewer (Robinson et al. 2011; 
Thorvaldsdóttir et al. 2013) to look at these sites to see if they were derived in the domesticated 
birds and look for anything noteworthy.   
 
Screening for selective sweeps. Secondly, I used OmegaPlus to identify selective sweeps. 
OmegaPlus utilizes linkage disequilibrium (LD), whether a given haplotype is overrepresented in 
the population, to detect selective sweeps. The presence of strong LD might indicate that there 
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has been a recent selective sweep, and therefore can be used to identify sites under recent 
selection. I ran OmegaPlus with a -minwin of 200 and a -maxwin of 200000 and a -grid of 
50000. 
 
Investigation into potential enhancer region. I looked into three SNPs with extremely high FST 
located 300 kb downstream of PRL (prolactin). I ran two in silico promoter searches (ElemeNT – 
http://lifefaculty.biu.ac.il/gershon-tamar/index.php/element-description/element and NNPP – 
http://www.fruitfly.org/seq_tools/promoter.html). I BLATed against the pin-tailed whydah 
transcriptome, Vidua macroura, (ovaries + brain) to see if it was transcribed. I also checked 
whether this SNP cluster was different in domesticated T. g. castanotis compared to wild T. g. 
castanotis, T. g. guttata, pin-tailed whydah (Vidua macroura), long-tailed finch (Poephila 
acuticauda), and village indigobird (Vidua chalybeata).  
 
Analyses of Song Structure 
In order to characterize the variation in the patterns of song behavior between different 
populations, I analyzed songs from two domesticated and one wild zebra finch populations. 
Domesticated T. g. castanotis were recorded at East Carolina University and University of 
Chicago. Wild T. g. castanotis were recorded at Macquarie University in Sydney, Australia. 
Additionally, five captive male Bengalese finches, Lonchura striata domestica, from ECU were 
recorded for an outgroup comparison. 
 
Study Populations. The East Carolina University population of domesticated T. g. castanotis 
birds was established in 2012. Originally, the domesticated T. g. castanotis colony was founded 
 9 
from five pairs of birds derived from another captive research colony at ECU. All birds were 
housed in a large flight aviary at the Brody School of Medicine where they could freely feed on a 
commercial finch dry-seed mix, with fresh water provided daily and finely crushed warmed 
hard-boiled eggs and greens given weekly. The birds were monitored on a daily basis. Housing 
and experimental protocols were approved by the East Carolina University Animal Ethics 
Committee. Ten T. g. castanotis and five L. s. domestica were used for this study.  
 Collaborator Sarah London recorded eight domesticated T. g. castanotis zebra finches at 
the University of Chicago using the same methods I employed, and provided me with the 
recordings. The seven wild T. g. castanotis are from populations housed by my collaborator 
Simon Griffith in his lab at Macquarie University in Sydney, Australia. These birds were taken 
from the wild in 2007 from Sturt National Park in far northwest New South Wales and were 
allowed to breed in captivity in a couple of large aviaries. In 2010 a further set of birds were 
taken from Fowlers Gap (far-west NSW) and added to the population in captivity. In total about 
100 adults were taken from Sturt with about 40 adults taken from Fowlers Gap. They have been 
isolated from domesticated birds, and have had the opportunity to breed about every 12 months 
(Gilby et al. 2013). In the summer of 2016, Chris Balakrishnan recorded them using the same 
method utilized for the birds at ECU.  
 
Song Recordings. Pairs of birds, with one male and one female each, were placed in the sound 
chamber and left overnight to be recorded using Sound Analysis Pro (SAP) software 
(Tchernichovski et al. 2000, http://ofer.sci.ccny.cuny.edu/html/sound _analysis.html). The study 
of song learning has relied heavily on the development of software to analyze recordings and 
produce sonograms to look at similarities and differences between songs (Mooney 2009). 
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Tchernichovski and colleagues were able to investigate how a young bird’s song differed note-
to-note from the tutor’s song, pioneering this type of study (Tchernichovski et al. 2001). SAP 
allows for activity-triggered recordings, making it easier to select out recording with 
vocalizations. The chamber was opened once a day to check food and water and the pair was left 
in the chamber for an average of three days or until the males produced at least 100 song 
recordings. I used a male and female instead which means that I captured both directed (to the 
female) and undirected song (not specifically directed to the female). Undirected song is slightly 
more diverse within-individual than directed, but Woolley and Doupe (2008) suggest that the 
within-individual differences are very subtle. Therefore, following previous work that has 
grouped both type of song together (Lachlan et al. 2016) I do not expect this to influence my 
overall results. Once the recordings were collected, I manually sorted through the files to select 
out only those that contained songs and discarded other vocalizations or noises from movement.  
 Sound Analysis Pro was also used for quantitative comparisons of song structure. As a 
measure of song similarity, I used the Kullback-Leibler divergence in pairwise comparisons 
among individuals (Wu et al. 2008). A higher K-L distance indicates more spread in the data and 
therefore songs that are more dissimilar among the individuals being compared. In cases where 
there are high levels of stereotypy, this can indicate that there is a high success in learning 
(Deregnaucourt et al. 2005). To accomplish this, the Feature Batch function in SAP was first 
used to parse the motifs into syllables by setting certain segmentation values, which are unique to 
each individual. To do this, I opened around 20 songs in SAP per individual and adjusted the 
segmentation setting for one or two features until each syllable was more effectively separated 
out. The features that can be used to segment are amplitude, pitch, mean frequency, goodness of 
pitch, FM, AM, Wiener entropy, continuity (t), and continuity (f). In most cases amplitude, 
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sometimes with a secondary feature of mean frequency or continuity, was used to segment the 
song recordings. Once the settings are selected for segmentation, the program automatically 
segments all the song recordings in a folder.  
 All K-L divergence estimates include syllable duration as one of the variables, but were 
estimated for a suite of different secondary song parameters. The batch analysis from SAP 
creates syllable tables which give information for 14 parameters: duration, mean amplitude, 
mean pitch, mean FM, mean AM^2, mean entropy, mean pitch goodness, mean frequency, 
variance in pitch, variance in FM, variance in entropy, variance in pitch goodness, variance in 
mean frequency, and variance in AM. One of the wild T. g. castanotis individuals did not have 
the necessary number of recordings in order for the K-L comparison to run, so its 44 song 
recordings were split in half using RAVEN (Bioacoustics Research Program 2011) to bring the 
number of recordings closer to 100 (note: the analysis was run with and without this individual 
and results did not differ if it was included or not). 
 
Statistical Analyses. All statistical analyses were performed using the software R (R Core Team 
2014). Statistical analyses were performed on approximately 100 songs per individuals. After 
calculating the K-L distance for the 13 song features, I ran a Shapiro-Wilk Normality Test on the 
data. Since most of the data were not normally distributed, I used a Mann-Whitney Wilcoxon test 
to determine if the K-L distances for each feature were significantly different for the subspecies 
comparison. I compared the ECU T. g. castanotis and University of Chicago T. g. castanotis to 






Genomic polymorphism & Divergence in wild and domesticated zebra finches. I detected 
99,018,650 polymorphic sites between wild and domesticated zebra finches. As might be 
expected, the two populations differ significantly in diversity; diversity in domesticated zebra 
finches is reduced ~30% from population wild zebra finches (p<0.001). Average theta for wild 
zebra finches was 14.9 whereas average theta for domesticated zebra finches was 10.44. This 
difference is consistent across the genome with ~98% of 1000bp windows showing lower 
diversity in domesticated versus wild. The Watterson Estimator, theta, is estimated by the 
number of polymorphic sites. It is the product of the neutral mutation rate and the effective 
population size to show overall population mutation rate. Thus, higher value for theta is 
associated with greater diversity. Average Tajima’s D also differed significantly between 
populations (Tajima’s Ddomesticated = -0.75, Tajima’s Dwild = -1.51, p<0.01). The value for 
Tajima’s D becomes more negative when there is an excess of rare alleles. Along with the 
overall loss in diversity, there has been a loss of rare alleles, seen in the shift in the SFS (Figure 





Figure 1.1. Site frequency spectra for wild and domesticated zebra finches.  
The wild populations show a relative excess of rare alleles. The number of bins on the X-axis is 
equal to 1 minus the number of alleles in each population (39 for the 20 domesticated birds, and 
37 for the 19 wild birds). The proportion represents the proportion alleles that are present one, or 




I find that these populations show a low level of overall genetic differentiation (FST = 0.019), but 
in the sliding windows approach, FST ranged up to ~0.2, and in the site-by-site approach to ~0.9, 
indicating regions of high differentiation.  
 
Selection during domestication. Despite overall low FST, it is possible that artificial selection 
has led to divergence in specific areas of the genome (Figure 1.2). I used multiple approaches to 
examine selection. I identified 12 outlier regions of high FST using the program SegmentFst from 







Figure 1.2. Windowed FST by chromosome.  
Windowed FST (1000 base pair windows by 100 base pair steps) for each chromosome. Outlier SNPs identified with SegmentFst are 
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Figure 1.3. Outlier FST sites by chromosome. 
20,000 base pair window of site-by-site FST around the outlier SNPs identified by SegmentFst on 
chromosomes 2, 3, 4, 5, 11, 12, 14, and17. 
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Table 1.1. Position and information about the outlier FST sites. 
Outlier FST SNPs with information about where they are located (intergenic or genic), which 
genes they are in or near, and whether there is expression found in blood/brain (BB), whole brain 
(WB), or spleen (SP).  
 


























































































































































These regions of high FST are primarily intergenic. GO groups included categories such as 
regulation of multicellular organism growth, hormone activity, and signaling. 
 I used the Integrative Genome Viewer to look at all of the 12 sites from Table 1.1. Of the 
12 sites, 10 were uniquely derived in the domesticated zebra finch compared to the wild zebra 
finch and the out-group, the long-tailed finch (Table 1.1). The region around the SNP at 
chr14:11245379, which falls a little under 5,000 base pairs upstream from the gene SMURF1, 
has much higher coverage in the wild zebra finches (average of 66 reads) than it does in the 
domesticated zebra finches (average of 5 reads). This might suggest that some sort of 
rearrangement has occurred. SMURF1 acts as a negative regulator of bone morphogenetic 
protein signaling pathway and has been identified as a candidate gene in a domestication studies 
on Yakutian horses (Librado et al. 2015). It has been put forth as a candidate gene for 
globularization and language readiness (Benítez-Burraco et al. 2016) as well as a region where a 
selective sweep occurred comparing Northern and Southern Europeans (Chen et al. 2010).   
 Three of the SNPs with the highest FST are all downstream of the gene that regulates 
prolactin (PRL). PRL is known as the parental hormone. In breeding birds an increase in 
prolactin is associated with periods of parental care (Angelier and Chastel 2009). There is 
preliminary evidence to suggest that those three nucleotides on chromosome two (Table 1.1) are 
a promoter. So, if this region is indeed associated with PRL, this could be a change in regulation, 
e.g. tissue-specific variant. Alternatively, this could be an enhancer or other transcription factor 
with unknown regulatory function (i.e. this region could affect distant genes and can even be 
found downstream). When I BLATed this region against the pin-tailed whydah transcriptome, 
Vidua macroura, (ovaries + brain) a region nearby <100 base pairs was transcribed. 
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Furthermore, those three nucleotides were derived in the domesticated T. g. castanotis (Table 
1.1). This SNP cluster could be important, potentially to PRL transcription, but I was unable to 
confirm that it is indeed functionally important.  
 Secondly, I used OmegaPlus to identify selective sweeps. OmegaPlus utilizes linkage 
disequilibriums (LD), whether a given haplotype is overrepresented in the population, to detect 
selective sweeps. The presence of strong LD might indicate that there has been a recent selective 
sweep, and therefore can be used to identify sites under recent selection. After an FDR correction 
was done on the omega p-values, no sites were significant. 
 My findings highlight that genetic divergence is potentially due to both selection and 
genetic drift and point to putative functional differences between wild and domesticated 
populations of zebra finches.  
 
Patterns of variation in song behavior 
 Genetic drift can influence patterns of behavioral variation as it does genetic variation. It 
is possible that bottlenecks might reduce variation, as they often do with genetic variation (Lacy 
1997; Tsutsui et al. 2000). Thus, I wanted to investigate whether there was any difference in the 
variability of song production between wild and domesticated birds. For each bird that I recorded 
I captured between 3000 and 9000 syllables (N = 25 birds). I found that domesticated T. g. 
castanotis show increased variation between individuals compared with wild T. g. castanotis 
(Figure 1.4, row 1-3). Within the parameter plots, each cluster of dots represents a note that is 
repeatedly sung. Therefore, the similarity in the overall pattern of clustering between individuals 
visually represents how similar they are to each other. For example, for the domesticated T. g. 
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castanotis, bird 1A shows a similar overall pattern to bird 1B but is less similar to 1D (Figure 




Figure 1.4. Features plots of duration vs. entropy for the 18 domesticated zebra finches and 7 wild zebra finches. 
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Row 1, panels A-J represent ten domesticated T. g. castanotis from East Carolina University. Row 2, panels A-H represent eight 
domesticated T. g. castanotis from University of Chicago. Row 3 panels A-G represent seven wild T. g. castanotis. Each feature plot 
shows duration vs. entropy. Within each parameter plot, a cluster of dots represents a note that is repeatedly sung. Therefore, the 




 To verify this, I ran a series of Mann-Whitney Wilcoxon tests to see if variability of song 
features significantly differed between populations (if the K-L distance was significantly 
different). For almost every comparison of every feature, there was a statistically different K-L 
for the two populations in question (Table 1.2). The domestic ECU T. g. castanotis showed 
significantly higher variability among individuals than wild birds for all features (Table 1.2, 
subset in Figure 1.5). The domestic University of Chicago T. g. castanotis did not show as much 
variability among individuals as the ECU domestic T. g. castanotis did. They were significantly 
less variable for all features. However, they still showed more variability than the wild birds for 




Table 1.2. Mean difference of K-L between wild and domesticated zebra finches. 
Mean difference of K-L between populations (Mann-Whitney Wilcoxon test, p-values < 0.05 
denoted with *). Higher K-L denotes more variability. A positive value for mean difference 
signifies that the top population in the comparison has higher variability. The populations for the 
comparison are East Carolina University domesticated T. g. castanotis (ECU_TGC), University 
of Chicago domesticated T. g. castanotis (UofC_TGC), and wild T. g. castanotis (Wild_TGC). 
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Figure 1.5. Variability (represented by K-L distance) in two populations of domestic zebra 
finch and one population of wild zebra finch. 
K-L distance for (A) all parameters combined, (B) for FM, (C) Entropy, and (D) Pitch Goodness, 
of two populations of domestic T. g. castanotis (from East Carolina University and University of 
Chicago) and wild T. g. castanotis. Higher K-L value denotes more variation. Black bars with an 























































































































































































 I also compared the ECU zebra finches and the population of wild zebra finches to a 
population of Bengalese finches. Bengalese finches are significantly less variable for all features 
when compared to the domesticated T. g. castanotis (Table 1.3). They show similar amounts of 
variability for 8 of the 13 features as wild T. g. castanotis. For the other five features, amplitude, 
pitch AM^2, mean frequency, and variance of AM, the Bengalese finches showed a higher 




Table 1.3. Mean difference of K-L between domestic and wild zebra finch and Bengalese 
finch. 
Mean difference of K-L between populations (Mann-Whitney Wilcoxon test, p-values < 0.05 
denoted with *). Higher K-L denotes more variability. A positive value for mean difference 
signifies that the top population in the comparison has higher variability. The populations for 
comparison are East Carolina University domesticated T. g. castanotis (ECU_TGC), wild T. g. 
castanotis (Wild_TGC), and East Carolina University L. s. domestica (ECU_LSD). 
 
 
































Lab models are chosen in large part due to their ability to thrive in the lab. However, drift, 
selection, and relaxed selection during domestication can all result in genomic changes that in 
turn modify behavior. This is important to consider for behavioral lab models such as the zebra 
finch. Especially with the importance of zebra finches as a model system, it is critical to 
understand the changes that are occurring as birds evolve in captivity. Here I quantified the level 
of divergence between captive and wild zebra finches. Using FST and diversity metrics I 
identified sites that vary between wild and domestic birds and found which genes these sites are 
near or within. I also concluded that the domesticated zebra finches show increased variability in 
song between individuals compared to the wild. Overall, my findings highlight genetic 
divergence is potentially due to both selection and drift and point to putative functional 
differences between wild and domesticated populations of zebra finches. My study will help us 
better fill in the gaps about the divergence of the domesticated birds from their wild ancestors.  
 Although previous studies show relatively high genetic diversity and low differentiation 
(Forstmeier et al. 2007), my study refines this picture. I have shown a loss of rare alleles in the 
domesticated zebra finch, which was also observed by Forstmeier and colleagues (2007). I find 
that though the populations are mildly differentiated, there are multiple signatures of selection: 
there is overall low levels of divergence throughout the genome, interspersed with regions of 
high divergence. Though an overall low genome wide FST might be mistaken as the overall subtle 
nature of domestication, there are multiple strong outliers that show a great deal of 
differentiation between wild and domesticated individuals. SNPs were near a number of 
potentially interesting genes, such as PRL, with functional roles that could be advantageous in 
domesticated environments. It is important to note that most of these highly divergent regions 
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were intergenic, but there is evidence that one or more could be enhancers. Deciphering these 
roles of these regions within this system is a future goal. Another challenge will be to improve 
genome assembly and annotation, utilizing the upcoming revised zebra finch genome (Korlach et 
al. 2017).  
 Although my study does not attempt to directly link genotypic and phenotypic 
divergence, previous studies have documented larger body size in domesticated zebra finches 
(Forstmeier 2007; Zann 1996) as well as longer wings, deeper bills, and taking longer to reach 
adult size in captive versus wild females (Zann 1996). My work adds to this by documenting 
differences in song behavior in selected US populations of zebra finches. Earlier studies did not 
find differences in syntax and phonology of song across 13 domestic populations in Europe and 
the United States as well as one wild population in Australia (Lachlan et al. 2016). Lachlan and 
colleagues (2016) did not find locally diverged cultural traditions or evidence for divergence in 
genetically determined constraints on song learning, despite sufficient isolation between 
domesticated populations to allow them to genetically diverge. They speculated that perhaps 
there had not been enough time for cultural evolution to take place, or, more likely in their 
opinion, that high error rates combined with species-constraints led to homogenization between 
populations (Lachlan et al. 2016). Despite these overall similarities in song structure, I have 
shown that domesticated zebra finches show increased variability of song features compared to 
wild zebra finches. One possible reason that Lachlan and colleagues (2016) did not see locally 
diverged cultural traditions in different populations of zebra finches was because of this 
increased variability the species seems to show.  
 The pattern of increased song variability in captive populations has also been observed in 
studies on the domestication of the Bengalese finch (Lonchura striata var. domestica) from the 
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white-rumped munia (Lonchura striata). Suzuki and colleagues (2004) found that the 
domesticated strains had much more complex songs, despite humans generally not artificially 
selecting song characteristics of this species (Suzuki et al. 2004). Suzuki and colleagues (2004) 
concluded that the increased complexity in Bengalese finch songs compared to the white-rumped 
munia initially evolved because they did not face the same environmental stress or need for 
species recognition. Once freed from these pressures, sexual selection then proceeded to increase 
the complexity of their songs (Suzuki et al. 2004). It is possible a similar scenario exists in 
domesticated zebra finches. However, the ECU domesticated T. g. castanotis showed more 
variability in songs between individuals than the ECU Bengalese finches, which in turn showed a 
similar amount of variability as wild T. g. castanotis. This moderate amount of variability 
between individuals in the wild could be because highly colonial T. g. castanotis occur in huge 
numbers in Australia, so potentially there has been selection on variability for individual 
recognition in the wild (within in the bounds of being able to recognize other zebra finches as 
conspecifics). Then, once domesticated, they possibly followed a similar trend to the Bengalese 
finches where when removed from the pressures faced in the wild, there was relaxed selection 
and increased variability in song among individuals resulted. It is possible that these 
domesticated birds have been freed from the constraints on song structure imposed by mate 
choice and the need for accurate species recognition or maybe they are behaving adaptively in a 
completely new and different environment compared to the wild ancestor.  
 Especially of interest is the finding that domestication has resulted in increased song 
variability among individuals. This variability has proven useful in studies of song recognition 
and habituation (Mello et al. 1995, Dong and Clayton 2009, Dong et al. 2009), and 
discrimination between a bird’s own song and other conspecific songs (Chew et al. 1996; Amin 
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et al. 2004; Bolhuis and Gahr 2006; Bolhuis et al. 2012). Although intra-population (from the 
same aviary or geographic area) variation in zebra finch song seems to be on the high side of the 
spectrum, in wild-derived white-crowned sparrows, Zonotrichia leucophrys, neuronal selectivity 
for bird’s own song has also been demonstrated (Margoliash and Konishi 1985). Likewise other 
species of birds can discriminate between neighbor and stranger in the wild (Brooks and Falls 
1975; Lovell and Lein 2004). Thus, the high variability of domesticated zebra finch provides a 
rich substrate for quantifying how structural differences in song and other traits influence 
behavioral responses. If population differences in song variability are genetically rooted, this 
would facilitate genetic studies of this critical trait.  
The importance of understanding genetic and phenotypic variation in model systems has 
already been revealed in lab mice (Yalcin et al. 2010; Casellas 2011). Inbred strains represent a 
single genetic identity (Yalcin et al. 2010; Nicod et al. 2016) that has been selected for under 
laboratory conditions, which differ vastly from natural conditions (Harper 2008). Many also 
contain combinations of homozygous alleles that are very rare in wild type populations (Harper 
2008). Researchers have found that while inbred strains are highly useful for certain types of 
genetic analyses and physiological studies, where it is important to have a uniform genetic 
background against which to test a variant in one gene only, as well as allowed us to isolate 
hundreds of mutations to identify functional genes as well as isolate and maintain stem cells 
(Guénet and Bonhomme 2003), highly inbred strains have severe limitations for other studies 
such as when studying traits where it is important to understand variability among individuals. 
One limitation for the inbred system is when studying aging. Many inbred stocks have mutations 
(that cause conditions like blindness, deafness, or glaucoma) that make them incompatible with 
aging research (Harper 2008). Even more specifically, Dazert and colleagues (1996) found that 
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the pattern of age-related spiral ganglion cell degeneration is different in wild and domesticated 
mice. There are distinct benefits to using recently trapped wild progenitors from the taxa Mus for 
behavioral studies (Guénet and Bonhomme 2003) This is because it has been observed that many 
behavioral traits including fear response, activity, learning ability, reproductive behaviors, and 
agonistic foraging are distinctly different among subspecies and species of the genus Mus (Koide 
et al. 2000; Guénet and Bonhomme 2003). These groups can be crossed in the lab and analyzed 
for specific behavioral characteristics and then genotyped (Guénet and Bonhomme 2003).  
 Given the highly social nature of zebra finches, breeding colonies are often maintained as 
outbred populations, with comparatively free mating (Forstmeier et al. 2007). Diversity in 
captive zebra finches is still high relative to inbred lines, and probably relative to many wild 
species (Bulgin et al. 2003). So even though there is a loss of diversity, it is not the same level as 
observed in many inbred model systems (Forstmeier et al. 2007). My study is limited in that I 
only examined selected domesticated populations from the US, and there is evidence of 
distinctive ancestry in US and European birds populations (Forstmeier et al 2007). Overall it 
appears that drift has affected genomes and aspects of behavior domesticated zebra finch 
lineages. It is additionally interesting that there is likely enhanced selection on some traits, and 
relaxed selection on others. In general, it can appear that the effects of domestication are subtle, 
but I have found highly diverged aspects of the genome and song production. My study suggests 
there is potentially a lot to be gained by taking characterizing and taking advantage of the full 
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CHAPTER 2 GENETIC AND BEHAVIORAL DIVERGENCE DURING SPECIATION 





With their learned vocalization serving as an ideal model of human speech acquisition, the zebra 
finch, Taeniopygia guttata, is a classic neurological and behavioral system. With the sequencing 
of its genome it is also rising in importance in the field of population genetics. Zebra finches are 
diverging in allopatry without secondary contact and the intraspecific variation between the two 
subspecies has not been well characterized. In fact much of the focus remains on one of the two 
subspecies, ignoring the potential to investigate the genotypic and behavioral variation that has 
resulted due to allopatric speciation. In this study I seek to characterize variation in both of these 
regards. I investigated if the previously documented reduction of diversity in a subset of 
noncoding loci is present at the genome level. I found further support for a dramatic bottleneck 
in the island birds as the two subspecies have diverged, as evidenced by an overall reduction in 
diversity. I also focused on two phenotypic traits, pigmentation and vocal behavior, and found 
differences between the two subspecies. I have identified candidate SNPs in two well-known 
pigmentation genes, SLC45A2 and CDKN2A, and have found that the island subspecies shows 
less variation in song among individuals than the mainland birds. Overall, I have characterized 
the genetic and behavioral variation in the zebra finch system, which has the potential to further 







As a representative of the Oscine Passerines (“songbirds”), birds with learned vocalizations, the 
zebra finch, Taeniopygia guttata, has been the subject of wide-ranging behavioral and 
neurological research (Jin and Clayton 1997; Dave and Margoliash 2000; Olveczky et al. 2005; 
Mooney 2009; London and Clayton 2008; Thompson et al. 2011; Vallentin et al. 2016). Much of 
the research done on zebra finches is centered on vocal learning behavior (Forstmeier et al. 2009; 
reviewed in Slater et al. 1988), a trait that songbirds share with humans (Mello 2014; Marler 
1970; ten Cate 2014). Now that there is a complete zebra finch genome (Warren et al. 2010), the 
zebra finch is now also a rising model system for genomics (Clayton 2004). Despite the fact that 
zebra finches are maintained as outbred study organisms (Forstmeier et al. 2007), research to 
date has largely ignored the genetic differences between the two subspecies, Taeniopygia guttata 
castanotis (T. g. castanotis) and Taeniopygia guttata guttata (T. g. guttata), and the possibility of 
intraspecific variation in the learning and production of song.  
 Another underutilized resource of this system is the chance to investigate an ongoing 
divergence in allopatry without secondary contact. As speciation research has shifted to 
emphasize “complex speciation,” in many ways we lack a simple null model of genomic 
divergence in the absence of gene flow, and the zebra finch subspecies represent just that 
scenario. Allopatric speciation with secondary contact has been well-described (Hoskin et al. 
2005; Kuehne et al. 2007; Grant and Grant 2009). Divergence without secondary contact is less 
studied. In this study I am interested if divergence is uniform in allopatry. In a situation where 
gene exchange is impossible, reproductive isolation can evolve in a number of ways: sexual 
selection, uniform selection, stabilizing selection, or divergent selection. And it can happen 
quickly such as with divergent selection or slowly under balancing or uniform selection (Via 
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2009). I seek to test the generality of these novel findings in a vertebrate model system with a 
well-defined biogeographic history (Balakrishnan and Edwards 2009).  
 Indeed most research to date is focused on only one of the two subspecies, the Australian 
zebra finch (T. g. castanotis) and has used domesticated strains of this subspecies, which have 
been bred in captivity and well-studied in the laboratory for over 150 years. They are extremely 
common in the wild and are distributed all across the continent except in the far South and North 
(Zann 1996). A second subspecies, the Timor zebra finch (T. g. guttata), native to the Lesser 
Sunda Islands north of the continent, has received minimal attention (e.g., Clayton 1990a-c). 
Behavioral differences between the two subspecies have been characterized (Clayton 1990; 
Clayton et al. 1991), but their divergence is less well understood (but see Balakrishnan and 
Edwards 2009). Currently, the Lesser Sunda Islands are 300 miles from the closest point on the 
Australian continent. However, this distance was far smaller (estimated 45-75 miles) in recent 
geological history due to glaciation events when lower sea levels may have facilitated the 
crossing between Australia and the Lesser Sundas. It is estimated that 20-22 species of bird 
traveled from the Lesser Sundas to Australia during this period. During this period some species 
went in the opposite direction, including the zebra finch (Mayr 1944). Since their colonization 1-
2 MYA (Balakrishnan and Edwards 2009), the two populations have diverged in allopatry. In 
this particular system the two subspecies will interbreed in captivity and produce viable, fertile 
offspring (personal observation). This biogeographic context of an ongoing speciation event 
allows for an interesting opportunity to investigate how those natural processes have impacted 
both genetic and behavioral variation.  
 A previous study by Balakrishnan and Edwards (2009) found that for 30 noncoding loci 
the T. g. guttata subspecies showed a comparative lack of genetic diversity. This suggests that 
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the colonization of the islands involved a population bottleneck (Balakrishnan and Edwards 
2009) where there was a sudden reduction in population size, which can occur when a new 
population is founded (Coyne and Orr 2004). This can result in a loss of genetic variation, 
especially the loss of rare alleles in the small founder population, since they would only carry a 
proportion of the variability from the parent population (Mayr 1942). Selection pressures will 
differ on the founder population since alleles will be selected to function on a more homozygous 
background as opposed to the parental heterozygous background (Coyne and Orr 2004). One 
goal of this study is to investigate if this reduction in diversity within the T. g. guttata species 
found by Balakrishnan and Edwards (2009) is present at the genome-wide level as well as 
characterize aspects of genotypic and behavioral variation. 
 Along with further examining the genomic impact of this speciation event, I also wanted 
to look into two traits that might have resulted due to allopatric speciation of the zebra finch and 
see if some well-documented trends of island vs. mainland bird species were found in this 
system: pigmentation and vocal behavior. Plumage of island birds is typically duller and 
dimorphism between the sexes is reduced. One explanation for this difference is due to varying 
ecological conditions (Price 2008). It has already been documented that zebra finches fit these 
patterns with reduced plumage color and body size dimorphism. The island T. g. guttata are 
statistically smaller that T. g. castanotis (Forstmeier et al. 2007) and they lack the black barring 
along the upper breast, which is characteristic of mainland birds (Clayton et al. 1991; Zann 
1996). I preliminarily investigated two known pigmentation genes, SLC45A2 and CDKN2A, as 
possible candidate SNPs for impacting the coloration differences between the two subspecies. 
CDKN2A in particular is another known pigmentation gene that has been linked to barring in 
chickens (Hellström et al. 2010). Both SLC45A2 and CDKN2A are located on the Z 
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chromosome in birds. The vocal behavior trend that I focused on is the trend that some species, 
such as reed warblers (Acrocephalus spp.), show where the island species have songs that are 
less complex than the mainland species (Catchpole and Komdeur 1993). One justification for this 
is that these changes are due to cultural drift. Often it is a small population that colonizes an 
island, which leads to founder effects resulting in reduced syllable diversity (Price 2008). 
Another hypothesis is that sexual selection is predicted to be a weaker force on islands when 
compared to mainland populations, which has been demonstrated by less extra pair copulation in 
socially monogamous island passerines (Griffith 2000), and this could result in less complex 
songs (Price 2008). Additionally, Verner (1964) argues that lower breeding densities due to 
harsh island conditions means that all surviving males are in relatively high quality areas. 
Therefore polygyny does not evolve as readily because there is lower variation in resource 
quality among territories (Verner 1964). The proposed explanation for less complex songs is that 
if songs are not as important for securing mates and extra pair copulations, then there would be 
less of a drive for the males’ songs to be complex if females are not strongly selecting for 
complexity.  
 Overall, despite the importance of zebra finches as a model system for social behavior 
and vocal learning, there is an important gap in our knowledge of how genomes and behavior 
vary among populations. This study is the start to characterizing that variation. I find further 
evidence for a bottleneck causing the reduction of diversity in T. g. guttata across the genome. I 
find that there is a reduction in the variability of songs among individuals in T. g. guttata. And 
lastly, I identify potential SNPs in pigmentation genes that could have a role in the plumage 





Sample collection and sequencing. In order to derive a complete picture of genetic variation, a 
total of 28 unrelated individuals (19 wild T. g. castanotis and 9 T. g. guttata) were sequenced. 
Three of the nine T. g. guttata were sampled from our laboratory populations at East Carolina 
University. All three were males. Permissions were obtained for the samples and they were 
collected under the supervision of the relevant ethical committees. The remaining six T. g. 
guttata came from museum samples from Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) in Australia. These specimens are around 50 years old collected from 
Baucau Province in East Timor. Researchers such as McCormack and colleagues (2016) have 
had success applying next generation sequencing methods to target ultraconserved elements in 
museum samples of western scrub jays ranging back 120 years despite older samples yielding 
fewer and shorter loci in general. Hung and colleagues (2014) did full genome sequencing on 
museum specimen of passenger pigeon toe pads, obtaining sequencing depths of 5-20x, but there 
have not been many studies that have used museum toe pads for next-gen sequencing since these 
preserved tissues yield little DNA (Burrell et al. 2015). Of the six museum samples, four were 
males and two were females. For each wild zebra finch, genomic DNA was extracted using a 
DNeasy Blood and Tissue Kit (Qiagen kit cat no. 69504). Paired-end sequencing libraries were 
constructed following Illumina protocol for sequencing on the Illumina HiSeq 2000 platform. 
This platform was used to re-sequence paired end full genomes at medium coverage (8x).  
 Nineteen T. g. castanotis genomes were sequenced using the Illumina HiSeq platform at 
medium coverage (20x) by collaborators Singhal et al. (2015). The T. g. castanotis birds (10 
females and 9 males) were collected from a studied population from Fowlers Gap in New South 
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Wales, Australia (Singhal et al. 2015). From the one T. g. castanotis birds, DNA was extracted 
from blood using a DNeasy Blood and Tissue Kit (Qiagen kit cat no. 69504). A species pooled 
library was diluted to 10nM and sequenced across 15 lanes using 100 paired end reads with an 
Illumina HiSeq 2000. This was done in 2012 at the Oxford Genomics Centre at the Wellcome 
Trust Centre for Human Genetics in Oxford, UK. For the two domesticated birds, DNA was 
extracted using a DNeasy Blood and Tissue Kit (Qiagen kit cat no. 69504). A pooled library was 
made and sequenced across six lanes on 2-lane flow cells of an Illumina HiSeq using 100 base 
pair paired-end reads. This was done in 2013 at the University of Chicago Genomics Core, 
Chicago IL USA (Singhal et al. 2015). 
 Steps for quality checking, mapping, and downstream analysis using ANGSD to call 
SNPs and look at metrics for assessing diversity followed the same methods utilized in chapter 1.  
 
Screening for outlier FST sites. As with the domestication analysis in chapter 1, I used the 
SegmentFST method in vcflib to find continuous regions with high FST values (vcflib – 
https://github.com/vcflib/vcflib). The tool SegmentFST scans the output of wcFST that I obtained 
from ANGSD and measures the number of FST values that are above the threshold I set at 0.9. As 
the chapter 1 methods describe, here I also used the tool permuteSmooth and obtained outlier 
sites of high FST.  
 
Pigmentation genes 
Sequencing of SLC45A2. Genomic DNA was extracted from fourteen individuals for the 
targeted approach of investigating SLC45A2. Three T. g. guttata males from East Carolina 
University that were used for investigating genomic divergence were also used for this portion. 
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Eleven T. g. castanotis were also used, three of which were wild type coloration and eight of 
which had various color morphs that are commonly selected for by zebra finch breeders and 
enthusiasts. Seven exons of SLC45A2 were amplified using polymerase chain reaction. After 
PCR products were cleaned they were sequenced at East Carolina University and these data were 
then loaded into Geneious (http://www.geneious.com, Kearse et al., 2012) to look for possible 
SNPs between the morphs. Any SNPs recovered that differed between T. g. castanotis and T. g. 
guttata individuals were investigated further.  
 
Investigation of the pigmentation genes on the Z chromosome. After read-mapping, the 
sorted bam alignment files from the nineteen T. g. castanotis and the nine T. g. guttata 
individuals were loaded into the Integrative Genome Viewer (IGV) (Robinson et al. 2011; 
Thorvaldsdóttir et al. 2013) using the long tail finch genome as the reference. The SNP identified 
in Geneious after sequencing SLC45A2 was investigated to see if it was derived in the T. g. 
guttata birds relative to T. g. castanotis and P. acuticauda.  
 I also used IGV to scan the CDKN2A gene to see if I could identify other SNPs in this 
other well-studied pigmentation gene. Because I had not done any targeted PCR in this region, I 
manually scanned the whole sequence between chrZ:32,024,669-32,039,744 looking for looking 
for single base pair polymorphisms.  
 
Analysis of song variability 
In order to characterize the variation in the patterns of song behavior between different 
populations I analyzed songs from a wild T. g. castanotis population to compare to a T. g. guttata 
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population. Ten T. g. guttata birds were recorded at East Carolina University and seven wild T. 
g. castanotis were recorded at Macquarie University in Sydney, Australia.  
 
Study Populations 
 The T. g. guttata colony was originally founded at the University of Illinois with five 
pairs of birds. The descendants of this founding colony (~30 birds) were moved to East Carolina 
University in 2012. Roy Beckham brought the T. g. guttata into captivity 25 years ago 
(efinch.com). All birds were housed in large flight aviaries at the Brody School of Medicine 
where they could freely feed on a commercial finch dry-seed mix, with fresh water provided 
daily and warmed, finely crushed hard-boiled eggs and greens given weekly. The birds were 
monitored on a daily basis. The East Carolina University Animal Ethics Committee approved 
housing and experimental protocols.  
 The seven wild T. g. castanotis are birds that were taken from the wild in 2007 from Sturt 
National Park in far northwest New South Wales and were allowed to breed in captivity in a 
couple of large aviaries. In 2010 a further set of birds were taken from Fowlers Gap (far-west 
NSW) and added to the population in captivity. In total about 100 adults were taken from Sturt 
with about 40 adults taken from Fowlers Gap. These populations housed by my collaborator 
Simon Griffith in his lab at Macquarie University in Sydney, Australia. They have been held in 
isolation (from domesticated birds) since then and have mostly had the opportunity to breed 
about every 12 months (Gilby et al. 2013). Chris Balakrishnan recorded them using the same 





 The song recording methods followed the same steps as laid out in chapter 1.  
Statistical Analyses 




Genomic polymorphism & divergence in the two subspecies of finches. As might be 
expected, diversity is reduced in the island subspecies: diversity in T. g. guttata is reduced 97.6% 
from T. g. castanotis (p<0.001). Average theta for T. g. castanotis was 15.53 whereas average 
theta for T. g. guttata was 3.15. This difference is consistent across the genome with 99% of 
1000bp windows showing lower diversity in T. g. guttata versus T. g. castanotis. The Watterson 
Estimator, theta, estimated by the number of polymorphic sites, is the product of effective 
population size and the neutral mutation rate to show overall population mutation rate. 
Therefore, a higher value for theta is associated with greater diversity. Average Tajima’s D also 
differed significantly between populations (T. g. castanotis = -1.515, T. g. guttata = -1.103, 
0.22% less negative in T. g. guttata at 69% of the sites p<0.01). The value for Tajima’s D 
becomes more negative when there is an excess of rare alleles. Along with the overall loss in 
diversity, there has been a loss of rare alleles, seen in the shift in the SFS (Figure 2.1). T. g. 
castanotis have a higher proportion of alleles that are only represented once and show an overall 
variability at 7.47% of the sites whereas T. g. guttata show an overall variability of 1.05% of the 






Figure 2.1. Site frequency spectra for wild and domesticated zebra finches.  
T. g. castanotis show a relative excess of rare alleles. The number of bins on the X-axis is equal 
to 1 minus the number of alleles in each population (37 for the 19 T. g. castanotis and 16 for the 
9 T. g. guttata). The proportion represents the proportion alleles are present one, or two, or three 





 I find that populations show a low level of overall genetic differentiation (FST = 0.001), 
but in the sliding windows approach, FST ranged up to 1, indicating regions of high 
differentiation.  
 
Selection or drift during speciation. Despite overall low FST, it is possible that drift or selection 
has led to divergence in specific areas of the genome. I used multiple approaches to examine 
selection. I identified 45801 outlier regions of high FST using the program SegmentFst from 






Figure 2.2. Windowed FST by chromosome.  
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Pigmentation candidate genes 
SLC45A2 
From the PCR method, a SNP was identified on exon 7 of SLC45A2 in the three T. g. guttata 
males. These individuals carry a thymine nucleotide compared to the cytosine found in the other 






Figure 2.3. Nucleotide sequence for a portion Exon seven of SLC45A2 for three T. g. guttata 
and eleven T. g. castanotis. 






















This C-T substitution yielded an amino acid change from valine in the T. g. castanotis 






Figure 2.4. Amino acid sequence for a portion of exon seven of SLC45A2 for three T. g. 
guttata and eleven T. g. castanotis. 






















When I looked at this same region using the bam files of the 19 wild T. g. castanotis and the 9 T. 
g. guttata this polymorphism was confirmed and it appears to be derived in T. g. guttata birds. 
The FST for this site is 0.99. 
 
CDKN2A 
 After manually scanning the whole sequence between chrZ:32,024,669-32,039,744 looking for 
any instances where one base pair was derived in the T. g. guttata birds. I found six SNPs where 




Table 2.1. Position and nucleotide substitution for six sites in CDKN2A for T. g. castanotis 
and T. g. guttata. 
Six instances of nucleotide substitutions seen in T. g. guttata vs. T. g. castanotis birds and their 
position along the Z chromosome. Table shows the position of the SNP as well as the base pair 
(bp) in T. g. guttata and T. g. castanotis along with the associated FST for that site. 
 
SNP Position Bp in T. g. guttata Bp in T. g. castanotis  FST 
chrz:32024862 T C 0.99 
chrz:32033025 T G 0.99 
chrz:32033276 T C 0.99 
chrz:32033743 T C 0.99 
chrz:32036997 A G 0.99 




Patterns of variation in song behavior 
Genetic and/or cultural drift as well as selection can influence patterns of behavioral variation as 
it does genetic variation. It is possible that bottlenecks might reduce variation, as they often do 
with genetic variation (Lacy 1997; Tsutsui et al. 2000), thus, I wanted to investigate if there was 
a difference in the variability of song production between T. g. castanotis and T. g. guttata. For 
each of 17 birds that I recorded I captured between 3000 and 9000 syllables. Significant 
differences in 12 features were seen between the two subspecies. In general, consistent with the 
smaller size of the T. g. guttata individuals, they showed higher averages for many of the 
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Figure 2.5. Boxplots of the 12 features measured by SAP for T. g. guttata and T. g. castanotis. 
Boxplots for A) amplitude, B) mean FM, C) mean AM^2, D) mean entropy, E) mean pitch goodness, F) mean frequency, G) mean 
pitch, H) variance of FM, I) variance of entropy, J) variance of pitch goodness, K) variance of mean frequency, and L) variance of AM 
for East Carolina University T. g. guttata (ECU_TGG) and wild T. g. castanotis (Wild_TGC). Black bars with an * denote that there is 
a significant difference between the two populations it connects.
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I also find that T. g. castanotis individuals are less similar to each compared with T. g. guttata 
individuals (Figure 2.6). Within the parameter plots, each cluster of dots represents a note that is 
repeatedly sung. Therefore, the similarity in the overall pattern of clustering between individuals 
visually represents how similar they are to each other. For example, for the T. g. castanotis, bird 






Figure 2.6. Feature plots of duration vs. entropy for the 7 T. g. castanotis and 10 T. g. guttata. 
Row 1 panels A-G represent seven wild T. g. castanotis. And Row 2 panels A-J represent ten T. g. guttata from East Carolina 
University. Each feature plot shows duration vs. entropy. Within each parameter plot, a cluster of dots represents a note that is 
repeatedly sung. Therefore, the similarity in the overall pattern of clustering between each panel within a subspecies visually 
represents how close they are to each other.
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To verify this, I ran a Mann-Whitney Wilcoxon test to see if variability of song features 
significantly differed between populations (if the K-L distance was significantly different). For 
seven out of ten comparisons, there was a statistically different K-L for the two populations in 
question (Table 2.2). T. g. castanotis showed significantly higher variability between individuals 
than T. g. guttata for all features except for amplitude, pitch, and variance of pitch goodness 




Table 2.2. Mean difference of K-L between T. g. castanotis and T. g. guttata. 
Mean difference of K-L between populations (Mann-Whitney Wilcoxon test, p-values < 0.05 
denoted with *). A positive value for mean difference signifies that the top population in the 
comparison has higher variability. The populations for comparison are wild T. g. castanotis 
(Wild_TGC), and East Carolina University T. g. guttata (ECU_TGG).  
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Figure 2.7. Variability (represented by K-L distance) in T. g. castanotis and T. g. guttata. 
K-L distance for (A) all features combined, (B) for FM, (C) Entropy, and (D) Pitch Goodness, of 
wild T. g. castanotis (TGC) and East Carolina University T. g. guttata (TGG). Higher K-L value 
denotes more variation. Black bars with an * denote that there is a significant difference between 
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Despite being an important model system for neurobiology and behavior, we know little about 
patterns of genetic and behavioral variation among zebra finch populations. Here I quantified the 
level of divergence between the two subspecies of zebra finch. Using FST and diversity metrics I 
identified sites that vary between T. g. castanotis and T. g. guttata. I find that T. g. guttata shows 
a genome wide reduction in diversity consistent with a bottleneck event. I also conclude that the 
island T. g. guttata show a decreased variability in song between individuals compared to 
mainland T. g. castanotis. I also find a number of potential candidate SNPs that might contribute 
to the plumage differences between the two subspecies. Overall, my findings highlight genetic 
divergence is potentially due to both selection and genetic drift and point to putative functional 
intraspecific differences in the zebra finch. My study has helped us understand divergence of the 
zebra finch in allopatry.  
 First I wanted to investigate if the previously documented reduction of diversity in a 
subset of noncoding loci is present at the genome level. I found further support for a dramatic 
bottleneck as the two subspecies have diverged, as there is an overall reduction in diversity in the 
island birds. Island T. g. guttata show a reduction in the average theta for the genome. They also 
show a lower percentage of rare alleles than the mainland birds do. Though the overall average 
FST across the genome is relatively low, there are many sites that approach fixation when 
comparing the two subspecies. The patterns of drift would affect the two populations with 
varying effective population sizes very differently. I have taken the first step to investigate if this 
system fits under the so-called “islands of divergence” model, which posits that there will be 
higher divergence in areas of the genome that are under divergent selection or tightly linked to 
those areas (Turner et al. 2005, Nosil et al. 2009). When species are geographically isolated it is 
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thought that divergence occurs across the whole genome at both neutral and adaptive sites 
simultaneously. Subsequent to secondary contact and gene flow, the model predicts regions 
resistant to gene flow between species should show high differentiation and such regions tend to 
contain loci involved in adaptation (Turner et al. 2005). Recent studies, however, have begun to 
show that this simple explanation might be misleading (Noor and Bennett 2009, Renaut et al. 
2012, Cruickshank and Hahn 2014) and that these islands are not driven solely by selection. 
Rather, genomic architecture may contribute to the generation of such islands (Noor and Bennett 
2009, Renaut et al. 2012, Cruickshank and Hahn 2014). Therefore I would expect to see such 
islands even in allopatric species. Because local recombination tends to reduce genetic diversity, 
which inflates estimates of FST, I might also expect that islands of high FST occur in areas of low 
recombination (Cruickshank and Hahn 2014, Renaut et al. 2012, Burri et al. 2015). I have found 
that in the absence of homogenizing gene flow, and thus, the antagonism between selection and 
recombination (Kirkpatrick and Ravigné 2002, 2009, Feder et al. 2013), divergence is relatively 
uniform across the genome. One possibility is that these islands are simply a result of lower 
recombination in these areas of high FST and the next step will be to reconcile data on 
recombination rate (Singhal et al. 2015) with my divergence results.  
 In addition to a broad genome-scan, I also focused on two phenotypic traits, pigmentation 
and vocal behavior, in part because the pigmentation genes in particular showed multiple sites of 
very high FST. The island T. g. guttata lack the black barring along the upper breast, which is 
characteristic of mainland birds (Clayton et al. 1991; Zann 1996). Bills are also a darker, more 
intense red in T. g. guttata subspecies (Burley and Coopersmith 1987). Coloration in animals has 
many adaptive functions such as use for mate choice, competition, communication, predator 
avoidance, thermoregulation, and many more (Hubbard et al. 2010). Over 150 genes have been 
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identified that are involved in pigmentation and over 120 genes are important in humans 
specifically (Hubbard et al. 2010, Fernandez et al. 2008, Graf et al. 2007). I have identified a 
candidate SNP in exon 7 of a well-known pigmentation gene, SLC45A2. This gene is in a gene 
family that has gained recognition in part for its role in pigmentation is SLC, a sodium/calcium 
exchanger that is dependent on potassium (Hubbard et al. 2010). Two SLC genes have been 
identified as important in human and other vertebrate pigmentation: SLC24A5 and SLC45A2. It 
is known that the products from both of these genes are involved in melanin synthesis and 
function as transporters (Hubbard et al. 2010). Changes in the nucleotide sequences in these 
genes have phenotypic implications. For example, SNPs in both SLC24A5 and SLC45A2 have 
been found to be important in the phenotypic variation in of hair melanin (Valenzuela et al. 
2010). Recently, there have been multiple studies looking at the importance of this gene in other 
non-model organisms. A similar non-synonymous nucleotide substitution was observed by Xu 
and colleagues (2013) in white tigers within SLC45A2 on exon 7, although it was at a different 
site with a different amino acid translation There is a functional result to this substitution: the 
mutation inhibits pheomelanin (Xu et al. 2013). I have also preliminarily identified six SNPs in 
CDKN2A, another known pigmentation gene that has been linked to barring in chickens. Sex-
linked barring, which is a common plumage color in chickens, is characterized by white and 
black barred feathers. The white stripes are due to an absence of melanocytes (Hellström et al. 
2010). Hellström and colleagues (2010) determined that the CDKN2A⁄B locus controlled this 
phenotype and CDKN2A specifically showed a near complete association. Though the potential 
SNPs need to be functionally investigated further, I find six sites in CDKN2A where the barred 
T. g. castanotis show a different nucleotide than the non-barred T. g. guttata all of which nearly 
at fixation between the two populations. 
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 The second phenotypic I focused on in terms of intraspecific variation was song 
production. As was found by Clayton (1990c), I see differences in the songs produced by the two 
subspecies. She found differences in the length of the song, the frequency, and the number of 
elements in a phrase. The T. g. guttata sang songs that lasted 0.95 seconds whereas T. g. 
castanotis songs were 0.3 seconds shorter. T. g. guttata songs were a slightly higher frequency, 
and included phrases with 11 elements instead of the 8 elements seen in T. g. castanotis. Hybrid 
songs were intermediate for these features between the two subspecies (Clayton 1990c). In my 
study I saw that for the average notes of T. g. guttata songs they showed increased amplitude, 
higher mean frequency modulation, higher mean AM^2, higher mean pitch goodness, higher 
mean frequency, higher mean pitch, bigger variance of pitch goodness, higher variance of mean 
frequency, and higher variance of AM. The higher frequencies are likely due to the smaller body 
size and are consistent with the Zann (1983) study that found that the distance calls in T. g. 
guttata have a higher fundamental frequency. I also found a difference in the variability of songs 
among individuals between the two subspecies: the island subspecies shows less variation in 
song among individuals than the mainland birds. It is possible that this reduction in variability is 
due to the founder effect that led to only a subset of the variety being represented in the island 
populations as well as probable subsequent cultural drift. Additionally, the higher variation in T. 
g. castanotis could be due to selective pressures as well. Zebra finches occur in huge numbers in 
Australia (Zann 1996) so potentially there has been selection on variability for individual 
recognition, which might not occur as strongly in T. g. guttata. Zann (1993) described variation 
of 33 wild Australian populations both between and within geographic zones. He found that the 
song structure varied among populations at a macrogeographic level but not a microgeographic 
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level, which he attributed to dispersal between colonies (Zann 1993). In terms of selection, it 
could also be that T. g. guttata show reduced sexual selection, as is true with many other island 
species. There is evidence of the weaker role sexual selection plays on islands seen in lower 
frequency of extra pair paternity in socially monogamous passerines (Price 2008). If sexual 
selection favors song diversity, and is reduced on islands, that could explain the reduction in 
variability in T. g. guttata songs. Overall, my findings add support for the occurrence of a severe 
bottleneck affecting both the genome and aspects of behavior when the Lesser Sunda Islands 
were colonized and highlight genetic divergence is potentially due to both selection and genetic 
drift. In general, my study has taken an important first step to characterize the intraspecific 
genetic and behavioral variation in this system and has begun to describe divergence in the 
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CHAPTER 3 A COMPARISON OF SONG LEARNING IN THE TWO ZEBRA FINCH 





Learned vocal communication, or vocal learning, is a trait that is shared by humans and 
songbirds, but rare in other animals. Unlike innate communication, learned vocalizations are 
acquired early in life by juveniles listening and copying what they hear from adults. Zebra 
finches have served as the dominant model for vocal learning for over half a century. There are 
two subspecies of zebra finches that differ in song variability, with the domesticated Taeniopygia 
guttata castanotis showing more variability among individuals compared to both the other 
subspecies Taeniopygia guttata guttata and the wild T. g. castanotis. In order to differentiate 
between genetic or cultural controls of this difference in variation, I cross-fostered both 
subspecies to the Bengalese finch, Lonchura striata domestica, to test for differences in song 
copying behavior. I found that we cannot reject the null hypothesis that zebra finches copy 
equally, although it appears that the variability among the T. g. castanotis individuals remains 







Introduction to Vocal Learning & Study System 
Vocal learning in early development is a trait that is shared by humans and songbirds (Mello 
2014), but rare in other animals (Doupe and Kuhl 1999). Songbirds include about 4000 species, 
though song learning has been studied in less than 10% of these species (Mooney 2009). 
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For over half of a century, the zebra finch (Taeniopygia guttata) has been the dominant model 
for vocal learning (Slater et al. 1988; Forstmeier et al. 2009) and an important model for 
understanding the origins of the complexity of the human language (Marler 1970; ten Cate 
2014). In songbirds such as the zebra finch, the male learns to sing from its tutor (usually its 
parent, or in manipulative experiences, a foster parent) during a critical period. In natural 
situations song learning is constrained by environmental stress (Buchanan et al. 2004) and it is 
controlled by degrees of brain development (Nowicki et al. 2002). Song learning occurs in two 
main phases: sensory learning and sensorimotor learning. During the sensory learning stage the 
nestling listens and memorizes the tutor’s song (days ~ 20-60). Next, during the sensorimotor 
period, which overlaps the sensory learning stage (days ~ 32-90), the young bird practices its 
song and will attempt to bring its song closer to the tutor’s with each iteration. It is not critical 
that the young bird can hear the tutor’s song during this period, meaning that it can be 
accomplished through memory in some cases (Mooney 2009). 
While much is known about the neural mechanisms for learned vocal communication 
(Jin and Clayton 1997; Dave and Margoliash 2000; Olveczky et al. 2005; Mooney 2009; London 
and Clayton 2008; Thompson et al. 2011; Vallentin et al. 2016), little attention has been paid to 
the mechanisms that contribute to variation in song learning or production. Therefore, although 
zebra finch is a classic model system, work on these birds has mostly overlooked potential 
genetic variation that exists in the traits that are being studied. Indeed, most research to date has 
centered exclusively around one of the two subspecies, the Australian zebra finch, Taeniopygia 
guttata castanotis, using domesticated birds that have been bred in captivity for around 150 
years. The second subspecies is the Timor zebra finch, Taeniopygia guttata guttata, which was 
brought into captivity only about 20 years ago (Rogers 1979). T. g. castanotis is found on the 
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mainland of Australia whereas the T. g. guttata subspecies is found on the islands north of the 
continent (referred to as the Timor or Lesser Sunda Islands) (Mayr 1944; Clayton 1990a-c). It is 
estimated that T. g. guttata colonized the lesser Sunda islands 1-2 MYA (Balakrishnan and 
Edwards 2009, Newhouse and Balakrishnan 2015).  
  
Song Variation in Zebra Finches 
 Previous work has sought to characterize the patterns of variation in song behavior 
between these two populations. T. g. guttata have significantly less variation among individuals 
than both wild and domesticated T. g. castanotis (chapter 1 and 2). Although zebra finches prefer 
to mate assortatively by subspecies and the females prefer the songs of their own subspecies 
(Clayton 1990a; Clayton1990b) as well as prefer to associate with and respond to conspecifics 
(Campbell et al. 2009), they will interbreed in captivity and produce viable, fertile offspring 
(Davidson and Balakrishnan 2016). Clayton (1990c), found that there were differences between 
the songs of the two subspecies. She found differences in the length of the song, the frequency, 
and the number of elements in a phrase. Differences in frequency were attributed to differences 
in body size seen between the subspecies, as T. g. guttata is significantly smaller. The T. g. 
guttata sang songs that lasted 0.95 seconds, had a slightly higher frequency, and included 
phrases with 11 elements (Clayton 1990c). The distance calls, which are produced by males and 
females and are shorter and simpler than songs and used for communication of threats or 
location, in T. g. guttata also have a higher fundamental frequency (the lowest frequency in the 
oscillation) (Zann 1983). In contrast, T. g. castanotis songs were on average 0.3 seconds shorter, 
slightly lower in frequency, and had phrases with eight elements. Hybrid songs were 
intermediate between the two subspecies (Clayton 1990c). Clayton (1990c) also conducted 
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inverse cross-fostering experiments between the two subspecies (cross-fostering each subspecies 
to the other subspecies), and found that the same differences in song held for both of the 
subspecies whether they were raised by conspecifics or heterospecifics, suggesting that rearing 
experience had little effect on macrostructural differences in song. This led her to hypothesize 
that those differences are used for subspecies recognition (Clayton 1990c). My study builds on 
this work by investigating the genetic underpinning of differences in song between the 
subspecies 
 
Cognitive Ability and Song 
 Birdsong is a sexually selected trait (Hawkins 1918) that is involved in courtship, 
maintaining pair bonds, and territory defense (Suzuki et al. 2014). Females often prefer males 
that sing a more complex song (Kroodsma 1976; Catchpole 1980, 1986, 1996; Hiebert et al. 
1989; Searcy 1992; Lampe and Saetre 1995; Gentner and Hulse 2000; Okanoya 2004a,b; Leitão 
et al., 2006). The costs of complex songs, expressed as physical and developmental constraints, 
are related to energy and time consumption, aggression, and other costs (Gil and Gahr 2002). 
More neural capacity is necessary in the brain to store more song elements (Honda and Okanoya 
1999; Nottebohm et al. 1981), so complexity serves as an honest signal of male quality (Zahavi 
1975; Grafen 1990; Johnstone and Grafen 1993; Buchanan et al. 2004, Peters et al. 2014). 
Additionally, in the wild, singing loud, complex songs could potentially be costly due to making 
the individual more vulnerable to predators, drawing on cognitive resources which are also 
involved in reacting to dangers, and the cost of evolving and maintaining brain mechanisms that 
underlie complex songs (Okanoya 2012). Peters and colleagues (2014) found that there were 
parallel impacts of developmental stress on song learning and cognition, which lends credence to 
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the associations of cognitive ability and song. This supports the hypothesis that cognitive ability 
is indicated by the sexually selected qualities of song (Peters et al. 2014). There is a positive 
correlation between the complexity of song and chick weight, parental effort by the male 
(Buchanan and Catchpole 2000) and offspring survival (Hasselqvist et al. 1996). Therefore, 
females are selecting males with complex songs to benefit their offspring, and complexity may 
evolve in part due to sexual selection through female choice (Anderson and Iwasa 1996; 
Okanoya 2002). For example, wild male song sparrows Melospiza melodia with larger 
repertoires had higher fitness (Reid et al. 2004) and a similar result was found in sedge warblers, 
Acrocephalus schoenobaenus (Buchanan and Catchpole (1997). In captivity, male zebra finches 
with more elements per song were found to require fewer learning trials to perform a novel 
foraging task (Boogert et al. 2008). However, in a recent meta-analysis Soma and Garamszegi 
(2011) found a weak and independent mean effect size for the song/mating success association 
and strength of sexual selection. Therefore, Soma (2011) cautions against assuming that the 
reproductive advantage of males with complex songs is prevalent in most Oscines (songbirds).  
 
Genetic and Learned Components of Song 
 Zebra finches and other songbirds have learned as well as innate components of their 
vocalizations (Mooney 2009). Female calls, which are not learned, are highly heritable 
(Forstmeier et al. 2009). Male calls and songs, however, show lower heritability, as learning adds 
variability (Forstmeier et al. 2009; Woodgate et al. 2013). In a remarkable study, Fehér et al. 
(2009) showed that zebra finch colonies founded from birds with experimentally tutored 
“isolate” songs, returned to wild-type song culture in only a few generations, suggesting a 
genetic basis for song culture. Mori and Wada (2015) found a similar result where the songs of 
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deafened birds eventually still crystalized revealing that some of vocal development and 
stabilization in zebra finch was independent from sensory inputs and instead due to 
developmental genetic programs. In addition to the structure of the song itself, aspects of 
underlying neural substrates (i.e. song nuclei) have also been documented to be heritable (Airey 
et al. 2000). Voice characteristics such as frequency and timbre function as honest indicators of 
the size of the bird; in contrast, structural traits such as repertoire size in males showed low 
heritability (Forstmeier et al. 2009). Culture, including song culture (members of a species 
showing variation in song, and geographically tractable dialects) is typically associated with 
inheritance through social learning. However, species-specific genetic constraints are involved as 
well (Marler and Tamura 1962; Nelson 2000; Fehér et al. 2009).  
 Many songbirds have an innate bias towards learning and producing conspecific song 
even when tutored artificially using another species’ song (Marler and Peters 1977; Podos et al. 
2004). Bengalese-fostered zebra finches learn few notes and have shorter bout lengths with fewer 
repeated notes than Bengalese finches. Element morphology was incomplete in the fostered 
zebra finches, but they learned element structure well (Takahasi et al. 2006). This shows that 
acquisition of song is accomplished through a combination of innate influences, learning from 
the social context, and slight individual variation of the song when compared to the tutor’s song 
(Clayton 1989).  
 Thus it is clear that both genes and environment contribute to vocal behavior. The vast 
majority of song learning research has focused on the mechanisms of learning, but no studies 
have examined population variation in song copying ability in the zebra finch. I seek to resolve 
alternative hypotheses for differences in song variability in captive colonies of T. g. guttata and 
T. g. castanotis and to determine why there is increased variability in T. g castanotis in general, 
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and an even higher variability in the domesticated T. g. castanotis songs (see chapter 1 and 2). 
One possibility is that this trend is due to a cultural shift. Alternatively, it is possible that a 
genetic shift has occurred leading to the change in variability. In order to distinguish between the 
possible explanations of increased variation among domestic T. g. castanotis individuals, I 
conducted a cross-fostering experiment to test song copying ability in the two subspecies. If both 
subspecies show similar song copying ability that would suggest that the observed differences in 
song variability can be explained by a cultural (behavioral) shift rather than a genetic shift 
(selection or drift). In order to compare the differences in the subspecies’ ability to learn songs, I 
tested to see how well the two subspecies of zebra finch copy the song of a third species, the 
Bengalese finch (Lonchura striata domestica).  
 First, I test if the songs of cross-fostered birds are more similar to those of their tutors’ or 
songs of conspecifics. This is in order to estimate the relative degree of learning that has taken 
place for each subspecies. Secondly, I will test if time of cross-fostering, specifically cross-
fostering at the egg stage vs. fledgling stage at approximately day 30 after hatch (P30), led to 
different results as to how similar songs were to tutors. This will test if the amount of time in the 
sensitive phase that the bird is exposed to the Bengalese tutor affects the degree to which the 
tutor’s song is learned for each subspecies. Third, I compare the cross-fostered songs to the tutor 
songs (breaking down the comparison by time of cross-fostering (all vs. egg- vs. fledgling-cross-
fostered). This test allows me to see which features of song are more similar to the tutor’s and 
which subspecies has more accurately learned each feature. Then I compare variability of song 
among the tutors; this is to test if the Bengalese tutors vary significantly from each other in terms 
of their songs. Subsequently, I compared cross-fostered birds to other non-tutor Bengalese finch 
songs in order to see if cross-fostered birds more closely matched their specific tutor to further 
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test for learning. Lastly, I ran a within-subspecies comparison of the cross-fostered birds to each 
other. This was to see if the result that T. g. castanotis songs are more individually distinctive 




 The East Carolina University populations of T. g. guttata and domesticated T. g. 
castanotis birds were established in 2012. Originally, the domesticated T. g. castanotis colony 
was founded from five pairs of birds derived from another captive research colony at ECU. The 
T. g. guttata colony was originally founded at the University of Illinois with five pairs of birds. 
The descendants of this founding colony (~30 birds) were moved to ECU in 2012. Roy Beckham 
brought the T. g. guttata into captivity 25 years ago (efinch.com). 
 The two subspecies were each housed in large flight aviaries separated by subspecies at 
the Brody School of Medicine. Birds had ad libitum access to commercial finch dry-seed mix, 
with fresh water provided daily and finely crush warmed hard-boiled eggs and greens given 
weekly. The birds were monitored on a daily basis. Housing and experimental protocols were 
approved by the East Carolina University Institutional Animal Care and Use Committee. I used 
songs from five birds from each subspecies recorded for chapter 1 and 2 to serve as non-cross-
fostered control groups. 
 
Experimental Cross Fostering 
 In order to compare song-copying behavior between two subspecies, I conducted a cross-
fostering experiment where zebra finches were tutored by Bengalese finches, Lonchura striata 
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domestica. This approach has been used successfully used many times in experiments with zebra 
finches (e.g., Eales 1987a; ten Cate 1987; Clayton 1989; Takahasi et al. 2006; Campbell and 
Hauber 2008; Campbell and Hauber 2009; Soma 2011; Villian et al. 2015).  
 Throughout this study I used five Bengalese Finch males as tutors. I used two different 
strategies for cross-fostering, moving eggs from parents to foster parents (n=5), and moving 
birds at ~ 30 days post hatch to tutoring cages (n=13). I employed primarily this latter approach 
because I was having poor success with egg swapping (many clutches were being abandoned). 
For those individuals who were successfully reared from the egg stage, I left the T. g. guttata or 
T. g. castanotis birds in with the Bengalese tutor until post-hatch day 90.  
 For the latter approach, birds that were allowed to hatch under the care of their genetic 
parents were genetically sexed using standard protocols with the P2-P1237L primers (Griffiths et 
al. 1998; Khan et al. 1998; Jensen et al. 2003; Ong and Vellayan 2008; Kolts and McRae 2017). 
Then, once the T. g. castanotis and T. g. guttata male fledglings reached this age I moved one 
male in each species into a cage with a Bengalese male and left them there until day 90 when the 
zebra finch song crystalizes. One T. g. guttata fledgling separated from his tutor around day 50 
after showing extreme aggression towards the Bengalese male. He was quartered off into a 
section of the cage where he could still see and hear the tutor. A female Bengalese was placed 
with the male Bengalese to help with stress.  
 
Song Recordings 
 Once the chicks reached full sexual maturity, the songs of the Bengalese tutors as well as 
the male foster chicks were recorded in a sound chamber. A pair of birds, one male and one 
female, was placed in the sound chamber and left overnight to be recorded using Sound Analysis 
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Pro (SAP) software (Tchernichovski et al. 2000, http://ofer.sci.ccny.cuny.edu/html/sound_ 
analysis.html). The study of song learning has relied heavily on the development of software to 
analyze recordings and produce sonograms to look at similarities and differences between songs 
(Mooney 2009). Tchernichovski and colleagues were able to investigate how a young bird’s song 
differed note-to-note from the tutor’s song, pioneering this type of study (Tchernichovski et al. 
2001). SAP allows for activity-triggered recordings, making it easier to select out recording with 
vocalizations. The chamber was opened once a day to check food and water and the pair was left 
in the chamber for an average of three days or until the males produced at least 100 song 
recordings. I found that the T. g. guttata subspecies do not sing well when isolated so I used a 
male and female instead which means that I captured both directed (to the female) and 
undirected song (not specifically directed to the female). Undirected song is slightly more 
diverse within-individual than directed, but Woolley and Doupe (2008) suggest that the within-
individual differences are very subtle. Therefore, following previous work that has grouped both 
type of song together (Lachlan et al. 2016) I do not expect this to influence my overall results. 
Once the recordings were collected, I manually sorted through the files to select out only those 
that contained songs and discarded other vocalizations or noises from movement.  
 Sounds Analysis Pro was also used for quantitative comparisons of song structure. As a 
first measure of song similarity, I used the Kullback-Leibler divergence in pairwise comparisons 
among individuals (Wu et al. 2008). A higher K-L distance indicates more spread in the data and 
therefore songs that are more dissimilar among the individuals being compared. In cases where 
there are high levels of stereotypy, this can indicate that there is a high success in learning 
(Deregnaucourt et al. 2005). To accomplish this, the Feature Batch function in SAP was first 
used to parse the motifs into syllables by setting certain segmentation values, which are unique to 
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each individual. To do this, I opened a subset of ~20 songs in SAP per individual and adjusted 
the segmentation setting for one or two features until each syllable was more effectively 
separated out. The features that can be used to segment are amplitude, pitch, mean frequency, 
goodness of pitch, FM, AM, Wiener entropy, continuity (t), and continuity (f). In most cases 
amplitude, sometimes with a secondary feature of mean frequency or continuity, was used to 
segment the song recordings into distinct syllables. Once the settings were selected for 
segmentation, SAP automatically segmented all the song recordings for that individual bird into 
separate syllables for further comparison.  
 All K-L divergence estimates include syllable duration as one of the variables, but were 
estimated for a suite of different secondary song parameters. The batch analysis from SAP 
creates syllable tables which give information for 14 parameters: duration, mean amplitude, 
mean pitch, mean FM, mean AM^2, mean entropy, mean pitch goodness, mean frequency, 
variance in pitch, variance in FM, variance in entropy, variance in pitch goodness, variance in 
mean frequency, and variance in AM. I filtered out the feature data for syllables that were under 
0.2 seconds to account for segmentation errors that resulted in only a fraction of a syllable. I took 
five main approaches to examine K-L divergence among populations. First, for each cross-
fostered individual I calculated K-L divergence directly based between the individual and its 
tutor. Second, I also computed a pairwise K-L divergence matrix among tutored individuals from 
five individuals within each subspecies. This latter approach provides a measurement of how 
different the tutored birds are from each other, rather than from the tutor. For this second 
comparison I used a subset of birds that had a matched set of tutors. Third, I compared K-L 
between the cross-fostered birds to their tutors and K-L of the cross-fostered birds to 
conspecifics (cross-fostered T. g. castanotis to T. g. castanotis and cross-fostered T. g. guttata to 
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T. g. guttata). When comparing the zebra finches to their tutors I compared all cross-fostered T. 
g. castanotis males vs. all cross-fostered T. g. guttata, egg cross-fostered T. g. castanotis vs. egg 
cross-fostered T. g. guttata, and fledgling cross-fostered T. g. castanotis vs. fledgling cross-
fostered T. g. guttata. Forth, I compared five cross-fostered zebra finches of each sub-species to 
a randomly assigned tutor to see if they were more similar to their Bengalese tutor than a non-
tutor Bengalese finch. Finally, I also compared the cross-fostered zebra finch to each other 
within subspecies.  
 
Statistical Analyses 
 All statistical analyses were performed using the software R (R Core Team 2014). 
Statistical analyses were performed on approximately 100 songs per 23 individuals, (18 cross-
fostered zebra finches and five Bengalese finches). After calculating the K-L distance for the 13 
song features, I ran a Shapiro-Wilk Normality Test on the data. Since most of the data were not 
normally distributed, I used a Mann Whitney Wilcoxon test to determine if the K-L distances for 
each feature were significantly different for the comparisons.   
 
Results 
Similarity of Cross Fostered Birds to Their Tutors 
 In total, I was able to successfully cross-foster ten male T. g. castanotis and eight male T. 
g. guttata to maturity and record their songs. For each bird I selected out 100 song recordings, 
with between 3000 and 9000 syllables.  
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In order to investigate the effect of cross-fostering, I compared the cross-fostered birds to 
their tutors, as well as to conspecifics from the general (non cross-fostered) T. g. castanotis and 
T. g. guttata ECU populations. I used five individuals each of non-cross-fostered T. g. castanotis 
and T. g. guttata (chapter 1 and 2) as the templates from which to calculate K-L for the cross-
fostered T. g. castanotis and T. g. guttata respectively.  
For two features (AM^2 and variance of AM), cross-fostered T. g. castanotis were 
significantly more similar to their tutors than they were to normally raised T. g. castanotis. Two 
other features (entropy and variance of pitch goodness) showed the opposite pattern where the 
cross-fostered T. g. castanotis were more similar to normally raised T. g. castanotis than the 
tutors that raised them (Table 3.1, Figure 3.1A).  
For seven features (pitch, FM, AM^2, entropy, pitch goodness, variance of entropy, and 
variance of AM), cross-fostered T. g. guttata were more similar to normally raised T. g. guttata 
than they were to their tutors (Table 3.1, Figure 3.1B). For these seven features, the K-L distance 
was higher between cross-fostered birds and their tutors, meaning that they were more similar to 




Table 3.1. Mean K-L for T. g. guttata and T. g. castanotis compared to their tutors and to 
conspecifics. 
Mean K-L for the 13 features. Comparison of the cross-fostered birds to tutors vs. cross-fostered 
birds to normally raised conspecifics (Mann-Whitney Wilcoxon test, p-values < 0.05 denoted 
with *). Above the double line are the T. g. guttata birds and below are the T. g. castanotis birds. 
Higher K-L means greater variability. 
 
 





















3.49 3.25 3.02 2.86 3.83 3.65 2.29 0.33 1.38 1.99 0.97 1.53 2.77 
XF_TGG to 
TGG (Mean) 





















4.45 3.84 2.61 2.14 4.16 3.5 2.85 0.72 1.97 2.35 1.42 1.46 2.14 
XF_TGC to 
TGC (Mean) 
5.9 2.89 2.82 3.16 2.51 3.001 2.54 0.69 1.94 2.44 2.16 2.08 3.17 
p-value 
0.22 0.17 0.82 0.04* 
0.008
* 































































































































KL of Variance of Pitch Goodness


















































Figure 3.1. K-L for three features for within un-fostered zebra finches, cross-fostered zebra finch to conspecific, and cross-
fostered zebra finch to their tutors. 
K-L for FM, entropy, and variance of pitch goodness for within un-fostered zebra finches, cross-fostered zebra finch to conspecific, 
and cross-fostered zebra finch to tutor for a) T. g. castanotis (TGC) and b) T. g. guttata (TGG). For each subspecies, two of the 
highlighted features show a significantly different K-L between the comparisons. Black bars with an * denote that there is a significant 
difference between the two populations it connects.
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 T. g. guttata had more significant features in common with normally raised conspecifics 
than T. g. castanotis did. This pattern could mean that more features are innate in T. g. guttata 
and therefore not affected as strongly by cross-fostering.  
 
Cross fostering from Eggs Versus Fledgling stage P30 
 I was able to successfully cross-foster three T. g. castanotis and two T. g. guttata at the 
egg stage. I successfully cross-fostered seven T. g. castanotis and six T. g. guttata at the 
fledgling stage. Time of fostering impacted significantly only two features of learned song. 
When all of the cross-fostered birds were combined together and divided by type of fostering, the 
birds that were cross-fostered at the egg stage were more similar (had a lower KL distance) to the 
tutors than those cross-fostered at the fledgling stage for 12 of the 13 features (Table 3.2, Figure 
3.2). However, this was only significant for pitch (W = 5, p-value = 0.004435, Figure 3.2) and 
variance of entropy (W = 6, p-value = 0.007, Figure 3.2). I also combined the K-L measures 
across all of the features to see if the overall K-L distance differed significantly. This overall K-L 




Table 3.2. Means of K-L for the 13 features comparing cross-fostered zebra finches to 
tutors for egg cross-fostered vs. fledgling cross-fostered.  
Means of K-L for the 13 features for birds cross-fostered at the egg stage compared to those 
cross-fostered at P30 compared to their tutors (Mann-Whitney Wilcoxon test, p-values < 0.05 
denoted with *). Higher K-L means more variability. 
 





















3.2 1.87 2.29 2.14 3.34 2.51 3.56 0.41 1.39 1.02 0.85 0.87 2.04 
XF_P30 4.33 4.23 2.99 2.58 4.28 3.98 2.24 0.6 1.83 2.64 1.36 1.73 2.56 
p-value 0.70 0.004* 0.78 0.92 0.5 0.12 0.21 0.7 0.78 
0.007
* 




Figure 3.2. Variance of cross-fostered zebra finches to tutors for egg cross-fostered vs. 
fledgling cross-fostered. 
The K-L distance for the zebra finches cross-fostered from the egg stage vs. those cross-fostered 
from the fledgling stage compared to their tutors for a) all features combined, and b) pitch. Black 








































































Subspecies Differences in Song Tutor Copying 
 I quantified similarity between T. g. castanotis, T. g. guttata and their respective tutors 
using KL distance. When combining egg-fostered and P30-fostered birds, only one feature, 
variance of pitch, showed a statistically significant difference between the subspecies (W = 16, 
p-value = 0.03 Table 3.3) with T. g. guttata more closely matching the tutors. For all birds 
combined seven other features (amplitude, entropy, mean frequency, variance of pitch, variance 
of FM, variance of entropy, and variance of pitch goodness) trended in the same direction, and 
five features (FM, AM^2, pitch goodness, variance of mean frequency, and variance of AM) 
showed the opposite trend, but these differences were not statistically significant. For only the 
egg-fostered birds comparisons, T. g. guttata birds were more similar to the tutors for all 







Figure 3.3. Variance of cross-fostered zebra finches to tutors for egg cross-fostered vs. 
fledgling cross-fostered by subspecies. 
K-L distance for variance of pitch goodness of cross-fostered T. g. castanotis and T. g. guttata 
compared to their tutors for a) all the birds combined, b) only the egg-fostered birds, and c) only 
the fledgling fostered birds. Black bars with an * denote that there is a significant difference 








































































































Variance of Pitch Goodness



























All-fostered birds Egg-fostered birds P30-fostered birds 
*
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Table 3.3. Means of K-L for the 13 features comparing cross-fostered zebra finches to 
tutors for egg cross-fostered vs. fledgling cross-fostered by subspecies.  
Means of K-L for the 13 features for the different fostering stages for cross-fostered T. g. 
castanotis vs. cross-fostered T. g. guttata compared to their tutors (Mann-Whitney Wilcoxon 
test, p-values < 0.05 denoted with *). Higher K-L means greater variability. 
 
 



















XF_TGC to Tutor 
(All)  
 
4.45 3.84 2.61 2.14 4.16 3.5 2.85 0.72 1.97 2.35 1.42 1.46 2.14 
XF_TGG to Tutor 
(All) 
3.49 3.25 3.02 2.86 3.83 3.65 2.29 0.33 1.38 1.99 0.97 1.53 2.77 
p-value 0.76 0.24 0.83 0.27 0.76 0.9 0.63 0.03* 0.27 0.9 0.12 0.15 0.27 
XF_TGC to Tutor 
(Egg)  
 
3.32 2.16 3.02 2.3 3.48 3.06 3.72 0.57 1.67 1.2 1.06 0.97 2.23 
XF_TGG to Tutor 
(Egg) 
3.05 1.44 1.19 1.91 3.14 1.68 3.32 0.17 0.98 0.76 0.52 0.73 1.76 
p-value 1 0.2 0.2 1 0.8 0.4 1 0.4 0.4 0.2 0.4 1 1 
XF_TGC to Tutor 
(Fledgling)  
 
4.93 4.56 2.44 2.07 4.46 3.69 2.48 0.78 2.1 2.85 1.57 1.67 2.1 
XF_TGG to Tutor 
(Fledgling) 
3.64 3.85 3.63 3.18 4.06 4.31 1.95 0.39 1.51 2.41 1.12 1.8 3.11 




 In order to interpret song copying by zebra finches, I first described variability in tutors. 
In chapter 1 and 2, I showed that T. g. castanotis showed more individual variability in song than 
T. g. guttata. The Bengalese tutors used here were intermediate in variability, with an 
intermediate mean KL. The K-L for the within-Bengalese comparison was in between the K-L 
distance for the within-non-cross-fostered T. g. castanotis and the within-non-cross-fostered T. g. 
guttata birds. Bengalese finches are significantly less variable for all features when compared to 
the T. g. castanotis and are significantly more variable than the T. g. guttata birds for all features 





Table 3.4. Means of K-L for the 13 features comparing the two zebra finch subspecies to 
Bengalese finches. 
Means of K-L for the 13 features for five Bengalese tutors and ten T. g. castanotis (TGC) males 
and ten T. g. guttata (TGG) males (chapter 1 and 2) (Mann-Whitney Wilcoxon test, p-values < 
0.05 denoted with *). Higher K-L means greater variability.  
 
 



















Bengalese 3.39 2.2 1.77 2.31 1.95 2.14 2.67 0.7 1.6 1.65 1.24 1.4 2.27 



























Bengalese 3.39 2.2 1.77 2.31 1.94 2.14 2.67 0.7 1.6 1.65 1.24 1.4 2.27 





























 If zebra finch cross-fostering led to accurate copying of tutor songs, I might expect to see 
lower K-L between a bird and its tutor relative to comparisons with a non-tutor Bengalese finch. 
This is not what I observed. When I compared the cross-fostered birds to different Bengalese 
tutors other than their foster fathers, I did not see a significantly increased K-L for either 
subspecies (Table 3.5). For the cross-fostered T. g. castanotis individuals, there was a trend 
toward increased K-L when compared to Bengalese males that were not their tutors for 11 of the 
13 features (all except FM and Pitch goodness), but similarity to the tutor was not significantly 
better than that to randomly selected birds. For the cross-fostered T. g. guttata individuals, there 
was no difference in song similarity with tutors than to randomly selected birds (Table 3.5). 
Given the moderate variability between Bengalese males (Table 3.4) instead of high variability 
seen between normally reared T. g. castanotis (chapter 1) for example, the fact that cross-
fostered zebra finches are equally similar to non-tutor Bengalese finches may not necessarily 





Table 3.5. Means of K-L for the 13 features comparing cross-fostered zebra finches to 
tutors and to non-tutors by subspecies. 
Means of K-L for the 13 features for the cross-fostered birds compared to their tutors vs. cross-
fostered birds to randomly assigned non-tutors. (Mann-Whitney Wilcoxon test, p-values < 0.05 
denoted with *). Higher K-L means greater variability. 
 
 




















TGC to Tutor 4.45 3.84 2.61 2.14 4.16 3.5 2.85 0.72 1.97 2.35 1.42 1.46 2.14 
TGC to Non-
tutor 
4.55 5.1 2.59 2.86 4.75 3.47 3.32 0.77 2.64 3.36 1.59 1.55 2.82 
p-value 0.8 0.11 0.91 0.17 0.58 0.97 0.63 0.44 0.25 0.08 0.53 0.48 0.25 
TGG to Tutor 3.49 3.25 3.02 2.86 3.83 3.65 2.3 0.33 1.38 1.99 0.97 1.53 2.77 
TGG to Non-
tutor 
3.2 2.3 3.37 2.62 3.39 3.72 2.92 0.34 1.31 1.65 0.93 1.07 2.46 





Subspecies Differences in Song Variability After Cross-fostering 
 Even if there is no difference between subspecies in terms of how accurately individuals 
copy their tutor, I also wanted to determine whether previously described song variability 
differences were maintained between subspecies after cross-fostering. For a subset of the cross-
fostered birds that were balanced for which tutors they came from and which way they were 
cross-fostered, I found that this variability in T. g. castanotis individuals was maintained despite 





Figure 3.4. Features plots of duration vs. variance of pitch goodness for the 5 cross-fostered 
T. g. castanotis and 5 cross-fostered T. g. guttata. 
Panels A-D represent five cross-fostered T. g. castanotis, one from each of the Bengalese tutors. 
Panels F-J represent five cross-fostered T. g. guttata, one from each of the same Bengalese 
tutors. Each feature plot shows duration vs. variance of pitch goodness. Within each parameter 
plot, a cluster of dots represents a syllable that is repeatedly sung. Therefore, it is possible to 
visually see the similarity in the overall pattern of clustered dots between each panel, which 




 For example, for the T. g. castanotis in Figure 3.4, panel A and C have more note clusters 
in common to each other than A and D. Figure 5 panel B is a T. g. castanotis cross-fostered at 
the egg stage and the rest are cross-fostered at P30. Also following the pattern seen in chapter 2, 
the cross-fostered T. g. guttata birds showed a reduced variability between individuals (Figure 
3.4, panels F-J). Panel C and panel E might be the most similar in terms of the clustering pattern, 
for example, but all T. g. guttata birds show very similar patterns of clustered notes for these 
features. Panel B is a T. g. guttata cross-fostered at the egg stage and the rest are cross-fostered 
at P30. For this balanced subset of cross-fostered birds, the T. g. guttata had statistically lower 
K-L for all features (Table 3.6, Figure 3.5), which means that the cross-fostered T. g. guttata 
showed less variability among individuals.  
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Table 3.6. Means of K-L for the 13 features comparing cross-fostered zebra finches to each 
other by subspecies. 
Means of K-L for the 13 features for a within subspecies comparison of the cross-fostered birds 
(Mann-Whitney Wilcoxon test, p-values < 0.05 denoted with *). Higher K-L indicates more 
variability, which would mean that the cross-fostered T. g. castanotis are less similar to each 
other than T. g. guttata are. 
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Figure 3.5. Variance of cross-fostered zebra finches to each other by subspecies for three 
features. 
K-L distance for a) FM, b) Entropy, and c) variance of pitch goodness of five cross-fostered T. g. 
castanotis and five cross-fostered T. g. guttata compared to each other within each subspecies. 
Black bars with an * denote that there is a significant difference between the two populations it 
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 Captive colonies of two zebra finch subspecies differ in overall song variability, with 
greater variability seen in T. g. castanotis. One possible cause of this difference is that T. g. 
guttata zebra finches more accurately copy their tutors. Song learning generates population 
variability in song structure (Zann 1993) and populations that are better at copying songs should 
have less variability than populations that are poor song copiers. To test for population 
differences in song copying, I cross-fostered the two subspecies of zebra finches to Bengalese 
finches and quantified song divergence between tutors and tutees and overall levels of 
variability. Interestingly, I found little evidence of population differences in song copying. 
Although the average K-L distance for eight of the thirteen features show a lower K-L (denoting 
more similarity) between cross-fostered T. g. guttata and tutors than the T. g. castanotis and their 
tutors, this difference is only statistically significant for one feature, variance of pitch (Table 
3.3). Despite this, at the population level we still find higher variability in T. g. castanotis zebra 
finch songs suggesting that aspects of song production may contribute to the observed diversity 
of T. g. castanotis zebra finches’ songs as is the case in naturally raised individuals (chapter 1). 
While I did not find an unambiguous difference in song copying, the maintenance of difference 
in variability under controlled tutoring is suggestive of a genetic difference in song production 
behavior or strong epigenetic/maternal effect.  
 Overall, the cross-fostered birds showed relatively low song similarity to their tutors. In 
fact, for the T. g. guttata especially, the cross-fostered birds were more similar to conspecifics 
for seven features than they were to their tutors. Additionally, similarity to the tutor was not 
significantly better than to randomly selected Bengalese for either subspecies. I found that 
Bengalese finches have a moderate degree of variability in song among individuals (more than T. 
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g. guttata and less than the highly variable T. g. castanotis). Perhaps moderate amount of 
variability explains why we could not see a difference between similarity to actual tutor and 
randomly selected Bengalese.  
 Although it appears that some amount of learning was taking place, perhaps since the 
degree of learning was rather small, it obscures my ability to quantify degree of similarity very 
accurately. The overall low similarity could reflect some of the same constraints on song 
production observed by Clayton (1990a-c). For all of the features combined and also for pitch 
specifically, I found that the birds that were cross-fostered at the egg stage (both subspecies 
combined) were more similar to their tutors; however, all other features independently showed 
no difference. If exposure to high diversity song during this time shapes subsequent song 
production then that might explain the difference observed. Both in the field and in lab 
experiments with song sparrows, it is has been shown that males learn from multiple tutors 
(Nordby et al. 2000; Beecher et al. 2007). Song tutoring throughout life resulted in significantly 
higher song similarity between tutor and tutee at least when looking across all features combined 
and for pitch specifically. It is possible that tutoring later in life, results in relatively poor song 
copying, and may have negatively impacted my ability to detect population differences in 
learning. Because of this, one caveat to the result of little similarity to tutors is that early 
developmental experience differed between treatments. Firstly, my sample size for egg-fostered 
birds is very small. Secondly, for the P30 individuals, each bird was raised with its own 
subspecies for 30 days, which includes ~10 days of the defined sensitive period for song 
learning. Though captive zebra finch generally learn from day 35-70 (Eales 1985; Clayton 1987), 
auditory learning in zebra finches begins around day 20, so even though they do not begin to 
practice their sub-song until day 35 (Wu et al. 2008), they will already have been learning their 
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conspecific songs for around 12 days before I cross-fostered them under the fledgling-fostered 
method. In particular, I missed a key part of the sensitive phase. In fact Clayton (1987) found 
that when the foster father after the sensitive phase is different from the foster father during that 
phase, learning of the tutor’s song is not very successful. Only half of the birds raised with a 
zebra finch conspecific for the first 35 days and then a Bengalese finch tutor for days 35-70 
learned some Bengalese song elements (Clayton 1987). My results appear to further support that 
conclusion.  
 I have also considered the possibility that certain aspects of song are affected differently 
by when the birds are exposed to a tutor. For example, since pitch was significantly more similar 
to tutors when cross-fostered from the egg stage it appears that it is not a physical constraint on 
matching the tutor’s pitch; it is possible that certain features, such as pitch, are learned earlier 
than other features. Additionally, for the egg-fostered birds only comparison, T. g. guttata birds 
were more similar to the tutors for all features, though none were significant. This could be due 
to the small sample size of birds fostered in this manner however. In the future it would be useful 
to attempt to obtain more egg-fostered zebra finches, despite the challenges I encountered with 
this approach.  
 As mentioned, another limitation in this study was sample size. Although many statistics 
trend towards T. g. guttata zebra finches showing higher copying, poor learning of tutor song at 
P30, and high variance yielded limited power to detect significant differences. While at present I 
cannot reject the null hypothesis that zebra finches in this study copy equally, it does appear that 
the greater variability among T. g. castanotis individuals remains whether they are cross-fostered 
to a different species or not. An alternative approach to examine these questions would be to 
study song copying in subspecies and their F1 hybrids. Quantitative genetic approaches have 
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now been used successfully to map genetic underpinnings of behavioral traits in numerous 
species (Ding et al. 2016; Fergus and Shaw 2011; Greenwood et al. 2013; Shirang et al. 2013; 
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CHAPTER 4 BEHAVIORAL AND GENETIC DIVERGENCE AMONG WILD AND 
DOMESTICATED POPULATIONS OF THE ZEBRA FINCH (TAENIOPYGIA 





 Here I present the first genomic analysis of the zebra finch in the context of speciation 
and domestication. I have taken a first step to characterize the genomic and behavioral variation 
in this system, which is the initial step to being better able to study song learning in a genetics 
context. In both analyses I see an average genome wide FST of around 0.02, but in both 
domestication and speciation scenarios there are regions in the genome that are highly diverged 
in the populations. There are far more of these outlier regions in the subspecies comparison than 
the domestication comparison. I have found a reduction of diversity in both the domesticated 
population as well as the island populations despite widely varying timescales (~150 years and 1-
2MYA) (Balakrishnan and Edwards 2009).  
 I find that the historical bottleneck in the island subspecies, T. g. guttata, also likely has 
affected aspects of behavior, specifically song production. The island subspecies shows less 
variation in the songs produced among individuals than the mainland birds, T. g. castanotis. The 
domestication process has had the opposite result: I observed an increased variability in song 
structure in domesticated birds. One explanation for this pattern is that domestication has freed 
captive populations from the constraints faced in the wild due to mate choice and the need for 
accurate species recognition. Through cross-fostering I took the first step to differentiate between 
genetic or cultural controls of this difference in variation. I did not find a difference in the song-
copying behavior of the two subspecies when they were cross-fostered to the Bengalese finch. 
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However, the high variability in song structure in T. g. castanotis remains following controlled 
tutoring, which might indicate a genetic role.  
 
Constraints/future changes to study design 
 My study had a number of constraints the biggest being with regards to the song learning 
work. Since I was unable to obtain a large enough sample size of cross-fostered birds from the 
egg stage, I was limited in the amount of learning that I could detect. Zebra finches that were 
cross-fostered at P30 spent around ten days with conspecifics during the start of sensory period 
(Clayton 1987). I believe that it is important to continue trying to cross-foster from the egg stage 
to eliminate this complication. Additionally, though visually the tutors and tutees were blocked 
from each other, all the cross-fostering took place in one room that also contained the flight 
aviaries with adult T. g. castanotis and T. g. guttata. If this study is continued in the future I 
suggest creating more isolation between the cross-fostering set-ups and the rest of the zebra 
finches. Additionally, it will be useful to run a mixed-model on the song data to separate effect 
of population and the specific combination of birds that are being compared. 
 I think that it is also important to sample another few domesticated zebra finch 
populations to better support the conclusions. East Carolina University’s population of T. g. 
castanotis were more variable among individuals than University of Chicago’s were, so it would 
be useful to expand beyond solely including these two populations. It would also be interesting 
to include some populations of domesticated T. g. castanotis from Europe since the birds bred in 
captivity in each continent have been isolated from each other (Forstmeier et al. 2007). It would 
be useful to see if this increased variability in songs produced has resulted separately in the 
European populations as well because this would lend further support to the role domestication 
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plays in producing this greater variability. Also, if increased variability is a characteristic of the 
European populations as well, we could then see if the underlying genetic changes differed 
despite producing the same behavioral result. 
 As for the genomics work, one of the major goals going forward is to better tease apart 
the influences of selection and drift. I was already able to identify regions of selection based on 
linkage disequilibrium using the program OmegaPlus in the domestication analyses, but I would 
like to do the same in the speciation analysis. Additionally, it will be important to model neutral 
evolution in this scenario so we can identify what changes might have been impacted by 
selection. I also have the opportunity to estimate demographic histories using PSMC or MSMC 
(PSMC - http://github.com/lh3/psmc). For the study of speciation specifically, it would be 
interesting to do other types of demographic analyses to see if there is evidence for more a recent 
bottleneck that the colonization of the islands 1-2MYA (Balakrishnan and Edwards 2009). We 
could estimate how old the novel lineages for different alleles are and when they started to 
diverge within the population. I also would like to test to see if our areas of high FST fall in areas 
of low recombination using Singhal and colleagues’ (2015) data on linkage-disequilibrium in 
zebra finches. Additionally, there is also an updated zebra finch genome coming out (Korlach et 
al. 2017) that will hopefully be better annotated at some of the outlier sites that I have identified. 
I am also interested if these outlier sites are within constrained regions. With the sites within the 
pigmentation genes in particular, I want to get more information about these SNPs to see if they 
are worth investigating in a functional study in the future.  
 Overall, I have taken the first step to characterize the intraspecific genetic and behavioral 
variation in wild and domesticated populations of zebra finches. Having this understanding of the 
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variation in the system will allow us to study gene-environment influences on behavior and 
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